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ABSTRACT 

The author proposes (1929) to replace the term “eutectic curve” by the new term 
“cotectic curve,’ and, further, deals with the terms peritectic, anchi-eutectic, anchi- 
cotectic, etc. He also gives a summary of the physical chemistry of the sequence of 
crystallization, with particular application to the genesis of the granites. 

THE BINARY SYSTEMS 

More than half a century ago F. Guthri illustrated the éx'-diagram 
of the binary system which is composed of two components in the 
solid phase not at all soluble in each other—these are called inde- 
pendent components—by Figure 1 in which E£ is the eutectic (i.e., 
the “low-melting’’) point. 

H. W. Bakhuis Roozeboom, in his fundamental treatise, differ- 
entiated the following five types of mixcrystals: 

Type I, continuous mixcrystals, the liquidus and the solidus curve 
with a continuous fall resp. a maximum (II) and a minimum (II), 
in the last two cases with a horizontal tangent at maximum, resp. 
minimum. 

Type IV, discontinuous mixcrystals, the two branches of the 
liquidus curve dropping in the same direction, cutting each other in 

*“Erstarrungspunkte der Mischkrystalle zweier Stoffe,” Zeitschr. f. phys. Chem., 
Vol. XXX (1899). 
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a breaking-point or a transformation point (P, Fig. 5) which has 
been designated as the “peritectic”? point.’ In accordance herewith 
the type may be called the peritectic type. 

Type V, discontinuous mixcrystals, the two branches of the liquidus 
curve dropping toward each other and cutting each other in a 
point, £. 























In many cases of Type V, mineral A may dissolve only a very 
small amount of b, and mineral B only a very small amount of a. 
When the amount of d in A and of a in B sinks to a trifle and at last 
to zero, Type V gradually goes over into the system (Fig. 1) with 
two independent components, this system thus representing a sepa- 
rate boundary case of Type V. The term “eutectic,” originally in- 
troduced for two, or still more, independent components, may 
consequently also be applied to Type V, which by many investiga- 
tors has been designated briefly as the “eutectic mixcrystal type.” 

* Guertler, Metallographie, ein ausfiihrliches Lehr- und Handbuch der Konstitution 


und der physikalischen, chemischen und technischen Eigenschaften der Metalle und der 
Legierungen, Vol. I (1912). 

















In a series A, Am, Bn,, Am, Bn... 


CaO, 2CaO-SiO., 3CaO- 
ponents may melt ‘“‘con- 
gruent,” delivering a 
pure melt, while others 


ie 
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1800+ 


may melt “incongru- 
ent.”” As an example we 
take the system K,O- 
ALO,;-4SiO, (leucite), 
K,0- ALO, - 6SiO, (ortho- 
clase, incongruent) and 
SiO, (Fig. 7), studied by 
G. W. Morey and N. L. 
Bowen.’ 

On the basis of the in- 





ON TERMS IN PETROGENESIS 





403 


. . B (illustrated by the series 


2SiO,, CaO-SiO., SiO.) some of the com- 
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vestigations at the Geo- é 
physical Laboratory, 
Washington, a summary 
is given of the melting- 
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FIG. 7 


points of some systems carrying an incongruent melting component. 


High-melting Com- 


Incongruent Melting 
ponent to the Left . 
(R) 


Component 


K,0-ALO,+4Si0O, | K,0-AlL0O,-6SiO, 
ab. 1860° ab. 1170° 


2Mg0:-SiO, 


a-MgO-SiO, 
ab. 1890° 1557° 1543° 
a-2CaO Sif ), 3CaO- 2Si0, 
ab. 2130° 1475° 1455° 
CaO 3CaO- ALO, 
ab. 2570° 1535 1395" 


Eutectic 
(S:U) 
(S) (EB) 


(ab. 1050)° 


Component to 


the Right Difference 


(U) (R—S) 
SiO, 
ab. 1700° almost 700° 
SiO, 
ab. 1700° ab. 430° 


| a-CaO-SiO, | 
| 1540° 


| ab. 650° 
5CaO-3AlL0, | ; 
1455° ab. 1000° 


It is to be pointed out that the temperature difference between 
the (congruent) melting-point of the high-melting component (R, to 
the left) and the incongruent melting point (.S) in the above systems, 
as well as in other systems of the same type, is very considerable 


* Amer. Jour. Sci., Vol. 1V (1922). 
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throughout. Further, the (incongruent melting) component S, does 
not, chemically considered, differ radically from R. 

The crystallization curve from R to H (Fig. 7) shows indeed a 
very considerable depression, but not so great a depression that 
point H, chemically considered, falls between S and R. 

Here we may have the kernel of the reason for the incongruent 
melting of S. 

At the melting of S (e.g., orthoclase), no portion of S may be 
transformed directly in the solid phase to R (leucite), but S (ortho- 
clase) melts totally, and in the melt, by a renewed process, Some 
R (leucite) may be separated. The so-named incongruent melting 
point, consequently, may be a true melting-point, the crystalliza- 
tion of R not taking place during the melting process itself, but 
during a subsequent process, perhaps under given conditions only an 
extremely short time after the melting. 

THE TERNARY SYSTEMS 

The ternary system composed of three independent components 
has long ago been illustrated (Fig. 8), showing three binary eutectic 
points and one ternary eutectic point. In a melt of composition m, 
we get (1) crystallization of a alone,’ along the straight line m-n; (2) 
simultaneous crystallization of a and b along the “‘cotectic’’ curve 
from n to E,4--; and (3) simultaneous crystallization of a, b, and 
c at the ternary eutectic point. 

The extraordinary numerous classes and subclasses, when all 
three components form mixcrystals with each other, when two of 
the three components form mixcrystals with each other, the third 
forming an independent component, and when two or three of 
the components a, 0, c enter into combination with each other, have 
been studied theoretically in a series of papers? by F. A. H. Schreine- 
makers, professor of physical chemistry in Leyden. 

It lies outside the scope of this paper to give a systematization of 
all these numerous classes and subclasses. Some few scattered ex- 
amples are dealt with most of them of particular petrogenetic in- 
terest. 


* Supposing no undercooling. 
5 > 


? Roozeboom’s Heterogene Gleichgewichte, Vol. 11, Part 1 (1911), and Part 2 (1913), 
edited by Schreinemakers, and in Zeitschr. f. phys. Chem. (1904 and following years). 
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a is an independent component thus forming a binary eutectic 
with b, resp. c, b:c belongs to the eutectic mixcrystal Type V. 

According to Schreinemakers' two cases are possible here. 

1. (Type e, Fig. 9.) The cutting point (e,) of the three crystalli- 
zation surfaces lies inside the triangle a-g-i, each of the three curves 
E,-0-€;, Eq-e;, and E,_.-e, showing a fall of temperature in the direc- 
tion of £,+.., briefly designated as e;.2 The maximum content of c 
in B is indicated by g, and of b in C by q. 

As the writer stated long ago (1905) and developed in greater de- 
tail in later years (1926, 1930), the system quartz: Or: Ab Belongs 
to this type, and therefore Qu, Or, and the system quartz: Or: Ab 
are placed in brackets after a, b, and c. 

With advancing crystallization we get a final residual magma at 
the ternary eutectic, e,, which the writer long ago designated as the 
(ternary) granitic eutectic. In a section following are given nu- 
merous, quantitative determinations of this system, or of the closely 
related system carrying Ab,,, (with subordinate quantity of An) 
instead of pure Ab. 

2. (Type d, Fig. 10.) The cutting-point v between the three 
crystallization surfaces falls inside the triangle a-c-i, the two curves 
E,-+-v and £;_,-v showing a fall of temperature in the direction to 2, 
but the third curve in the opposite direction, from v to E,_.. The 
various sequences of crystallization of the minerals in this subclass 
are taken up again later. 


a:c belongs to mixcrystal Type I, b is an independent component, 
thus forming a binary eutectic with a, resp. c. 

The curve between the two binary eutectics may show a con- 
tinuous fall, or a maximum, or a minimum. 

Bowen has proved by experiment that An:Ab:diopside (CaMg 
Si,O¢) belongs here (Fig. 11), the cotectic curve forming a continuous 
fall from Epiop- an 8 Enpiop Ab- 

Also the system An: Ab:SiO, (Fig. 12) may belong here. Accord- 
ing to the synthetical investigations at the Geophysical Laboratory, 

t Zeitschr. f. phys. Chem., Vol. LI (1905), pp. 569-72, with review (and application to 
the system Qu: Or: Ab) in writer’s paper in Tscherm. Mitt., Vol. XXIV (1905), pp. 507 ff. 

? The arrows along the cotectic curves in Figs. 9-13 indicate the fall of temperature. 


3 Amer. Jour. Sci., Vol. XL (1915). 
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An:SiO, forms a binary eutectic (52 An:48 SiO,, and at 1353°). 
Chemical and geometrical examinations made by the writer, of a 
number of oligoclase graphic-granites, and further the analogy with 
microcline graphic-granite justify the determination that the binary 
eutectic between Ab and quartz lies at approximately 74 Ab: 26 Qu, 
and supposing dry melts somewhat below the melting-point (1100°) 
of Ab, thus at approximately 1000°. The temperature difference be- 
tween Egio,-an and Egio,a, (Fig. 12) is greater than between Epjop-an 
and Epjiop-a» (Fig. 11). Consequently, we may presume also at the 
curve between Egjo,4, and Esio,-,p, a continuous fall of the tem- 
perature’ (without minimum or maximum). 


a: c belongs to Type I, a: b and b: ¢ to the eutectic mixcrystal Type V. 

According to Schreinemakers, several subclasses are possible here, 
among others the subclass illustrated by Figure 13, with a continu- 
ous fall of the temperature from E,., to Ey... 

According to the writer’s comprehensive analytical investigations, 
this subclass, with some reservations concerning the part close to 
the a-b (An-Or) side, may be applied to the feldspar diagram Or: 
Ab:An. The binary system Or: Ab belongs to the eutectic mixcrys- 
tal Type V, with binary eutectic almost exactly at 40 Or:60 Ab. At 
5, 10, 15, 20 An:g5, 90, 85, 80 Ab the points at the cotectic curve 
runs a little richer in Or, say 47 Or:53 Abs,An.o, the investigations 
of the simultaneous crystallization of orthoclase (sanidine) and 
(acid) plagioclase (occurring as contemporarily separated phenocrysts 
in divers porphyries) proving a fall of temperature in the direction 
f-Eor-av- 

Observations are still lacking concerning the curve between f and 
the An:Or side. A eutectic is supposed here by the writer, say at 
about 70 Or:30 An, or perhaps even at still somewhat more Or and 
less An. On the other hand, Bowen? presumes Or: An belonging to 
Type IV, with the peritectic point near Or. In the writer’s paper’ 

t The writer refers to his previous investigations of the problem in question. 


2 The Evolution of Igneous Rocks (1928), p. 229. 


3 The Physical Chemistry of the Magmatic Differentiation of Igneous Rocks, Vol. III, 


second half (Academy of Science, Oslo, 1930; printed, 1931), pp. 223-29, Part I, No.3. 



































410 JOHAN H. L. VOGT 











reasons are given why 
this explanation, or the 
explanation given by 
Ruth A. Doggett,’ can- 
not be accepted. 


An example of the nu- 
merous classes or sub- 
classes where b:c forms 
continuous mixcrystals 
(with continuous fall, 
resp. maximum or min- 
imum, cf. the binary 
Types I, II, IIL) and 
a:b as well as a:c belong 
to the binary Type IV 
is given in Figure 14. A 
melt within the field 
a-P,-P, gives rise to the 
separation of mineral A, 
which at the curve P,-P, 

according to the orig- 
inal position of the 
melt within a-g,-g, or 
g,-P,-P.-g,—is_ partly, 
resp. at complete equi- 
librium totally, trans- 
formed into the mixcrys- 
tal BC. A melt of com- 
position within P,-b-c-P, 
gives rise to the mixcrys- 
tal BC, the sequence of 
crystallization, first BC 
and later A being ex- 
cluded. This type and 
corresponding types with 
two binary systems be- 


longing to Type IV may be designated as ternary peritectic types. 


* Jour. Geol., Vol. XX XVII (1929), p. 712. 
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Of the numerous classes and subclasses where a:b, a:c, and b:c form 
continuous binary mixcrystals, belonging to Types I, II, or III, and 
a:b:c forms continuous ternary mixcrystals also with subclasses cor- 
responding to the binary Types I, II, III, only a single example 
is taken; namely a:b, 
a:c, and b:c belonging 
to the binary Type I, 
and a:b:c belonging to 
the corresponding ter- 
nary type (Fig. 15). 

This case may be ap- 
plied to the pyroxenes, 
a (with the highest melt- 
ing-point) = CaMgSi,O., 
b=CaFeSi,0¢, c (with 
the lowest melting-point) 
= NaF eSi,0;..' 








| 
CONCERNING THE TERMS | 





COTECTIC AND | a es + Pa eee See b 
PERITECTIC | ae 
In the writer’s previ- ™; — 


ous papers (1908 up to 
1926, but not later) the c 
term “‘eutectic curve (or 
line)’’ was used forcurves 
such as e.g., E,4, E,, Ey. to E,4-, or e; in Figures 8 and g and Epjop-an 
to Epjiop-av in Figure 11. The same term has been used in this sense 
by numerous other investigators, e.g., by Boeke and Boeke-Eitel? 
and by C. Benedicks in his metallographical papers. C. N. Fenner? 
mentions that Findlay also in his textbook‘ used the term “ternary 
eutectic curves,” and W. Wahl‘ has used the term “eutectic curve” 

tJ. H. L. Vogt, The Physical Chemistry of the Magmatic Differentiation of Igneous 
Rocks, Vol. I (1924). 

2 Grundlagen der phys.-chem. Petrographie (ist ed. 1915 and 2d ed. 1923). 

3 Jour. Geol., Vol. XX XVIII (1930), p. 161. 

1 Phase Rule and Its Applications. 


5 “Eutectics and the Crystallization of Igneous Rocks,” Bull. Com. Geol. Finlande, 
No. 87 (1929). 
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for ternary systems, and further the term “eutectic surface” for 
quarternary systems. 

On the other hand, other investigators, in particular Fenner’ and 
Bowen,” as well as other members of the staff at the Geophysical 
Laboratory, Washington, have contended that the term “eutectic’’ 
should be limited to the single point, be it in binary, ternary, 
quarternary, or still more complicated systems. 

It cannot be denied that the term “eutectic” has occasionally 
been used to designate the single (eutectic) point as well as the 
(eutectic) curve, without it being quite clear in each case whether the 
point or the curve was meant. A short and concise term is needed 
which can be used both as substantive and adjective for what has 
up to now been called by the writer and by many other investigators 
“eutectic curve,” and as such a term the writer has recently pro- 
posed “cotectic curve (or line),” the points of this curve being 
characterized by contemporary crystallization of two minerals, 
regardless of whether these are independent compounds or mixcrys- 
tals. The prefix ‘‘co” refers to cum, together, and “‘tectic’” to the 
last part of eutectic. It is feared that some investigators may think 
that it is superfluous to introduce a new term for the old term 
“eutectic curve,” which has been used with a well-defined limitation. 
But the new term has the advantage that it may be used in com- 
binations such as the “granitic cotectic,” the “syenitic cotectic,”’ 
the “gabbroic cotectic,” etc., and further as “‘anchi-cotectic gran- 
ites,’ “anchi-cotectic syenites,”’ etc. This question will be consid- 
ered again in this article. 

The peritectic point P, which forms a breaking-point or transfor- 
mation point in the binary mixcrystal Type IV (Fig. 5), is in the 
corresponding ternary system, where one or two of the binary combi- 
nations belong to Type IV, replaced by a curve (cf. e.g., P,-P, at Fig. 
14), and it is natural to designate this curve as the “‘peritectic curve.” 


1 Op. cit. 


2 Quoted below. 


3 See the chapter on the term “‘colectic line” instead of ‘‘eutectic line’’ in writer’s paper, 
The Physical Chemistry of the Magmatic Differentiation of Igneous Rocks, Vol. III, first 
half (1929), pp. 61-64. 
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For greater clarity Bowen’ is quoted: 

Vogt would call the curve ED? a eutectic boundary curve or eutectic line and, 
to be sure, it has some properties in common with such a line. It marks the 
composition of the liquids that are in equilibrium with two solid phases. More- 
over, it lies along a valley in the fusion surface and when the object is to em- 
phasize these features no serious objection can be raised to the term used by 
Vogt. On the other hand, such a usage would tend towards a non-recognition of 
the importance of the reaction between plagioclase crystals and liquids lying 
along the boundary curve, and, in the writer’s opinion, petrology will better be 
served by emphazising this relation—calling the curve, say, a reaction curve. 

As to this term, each liquidus curve is a reaction curve even in 
the binary systems where mixcrystals have been dealt with, and 
there are also several other kinds of magmatic reactions.’ “‘Reaction 
curve” is far too comprehensive, and a term is needed in the ternary 

j system designating the composition of the liquids which are in 
equilibrium with two solid phases. In the quarternary system the 
cotectic curve may be replaced by cotectic surface. 

In the writer’s article on the slags* where there occurred in silicate 
melts CaO and MgO (with varying, yet as a rule, rather small 
amounts of FeO and MgO) carrying some percentage of Al,O,, etc., 
the ‘‘individualization fields” of olivine, the melilite minerals, 
pyroxene (diopside), pseudowollastonite, etc., were determined and 
the term (translated into English) ‘‘boundary line” between the 
various fields was used. This term has also been used by Fenner‘ 
and by numerous investigators in later years. But more differen- 
tiated terms are needed now than were needed almost half a century 
ago, in the infancy of this branch of the science. In particular are 
needed terms to designate the various kinds of boundary lines in 
ternary systems, and corresponding surfaces in quarternary systems. 

* Jour. Geol., Vol. XXX (1922), pp. 180-81. 

2 Identical with Epiop-An to Epiop-Ab at Fig. 11. 

3 See Thorolf Vogt, ‘‘Sulitjelmafeltets geologi og petrografi,” Norges geol. Unders. 
No. 121 (1927), pp. 391 ff. 

4 J. H. L. Vogt, Studier over slagger (1884). 


5C. N. Fenner, “The Significance of the Word ‘Eutectic,’’’ Jour Geol., Vol. 
XXXVIII (1930), p. 150. 
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the “gabbroic cotectic,” etc., and further as ‘‘anchi-cotectic gran- 
ites,’ “anchi-cotectic syenites,” etc. This question will be consid- 
ered again in this article. 

The peritectic point P, which forms a breaking-point or transfor- 
mation point in the binary mixcrystal Type IV (Fig. 5), is in the 
corresponding ternary system, where one or two of the binary combi- 
nations belong to Type IV, replaced by a curve (cf. e.g., P,-P. at Fig. 
14), and it is natural to designate this curve as the “‘peritectic curve.” 


™ Op. cit. 


2 Quoted below. 


3 See the chapter on the term “‘cofectic line” instead of ‘‘eutectic line” in writer’s paper, 
The Physical Chemistry of the Magmatic Differentiation of Igneous Rocks, Vol. II, first 
half (1929), pp. 61-64. 
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For greater clarity Bowen" is quoted: 

Vogt would call the curve ED? a eutectic boundary curve or eutectic line and, 
to be sure, it has some properties in common with such a line. It marks the 
composition of the liquids that are in equilibrium with two solid phases. More- 
over, it lies along a valley in the fusion surface and when the object is to em- 
phasize these features no serious objection can be raised to the term used by 
Vogt. On the other hand, such a usage would tend towards a non-recognition of 
the importance of the reaction between plagioclase crystals and liquids lying 
along the boundary curve, and, in the writer’s opinion, petrology will better be 
served by emphazising this relation—calling the curve, say, a reaction curve. 

As to this term, each liquidus curve is a reaction curve even in 
the binary systems where mixcrystals have been dealt with, and 
there are also several other kinds of magmatic reactions.’ “‘Reaction 
curve”’ is far too comprehensive, and a term is needed in the ternary 
system designating the composition of the liquids which are in 
equilibrium with two solid phases. In the quarternary system the 
cotectic curve may be replaced by cotectic surface. 

In the writer’s article on the slags where there occurred in silicate 
melts CaO and MgO (with varying, yet as a rule, rather small 
amounts of FeO and MgO) carrying some percentage of Al,O,, etc., 
the “‘individualization fields’ of olivine, the melilite minerals, 
pyroxene (diopside), pseudowollastonite, etc., were determined and 
the term (translated into English) ‘‘boundary line’ between the 
various fields was used. This term has also been used by Fenner’ 
and by numerous investigators in later years. But more differen- 
tiated terms are needed now than were needed almost half a century 
ago, in the infancy of this branch of the science. In particular are 
needed terms to designate the various kinds of boundary lines in 
ternary systems, and corresponding surfaces in quarternary systems. 

t Jour. Geol., Vol. XXX (1922), pp. 180-81. 

2 Identical with Epiop-An to Epiop-Ab at Fig. 11. 

3 See Thorolf Vogt, ‘“‘Sulitjelmafeltets geologi og petrografi,”’ Norges geol. Unders. 
No. 121 (1927), pp. 391 ff. 

4 J. H. L. Vogt, Studier over slagger (1884). 


5C. N. Fenner, “The Significance of the Word ‘Eutectic,’’’ Jour Geol., Vol. 
XXXVIII (1930), p. 159. 
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ON THE SEQUENCE OF CRYSTALLIZATION 
IN BINARY SYSTEMS 

In the system composed of two independent components (Fig. 1) 
we get first (1) crystallization of the component present in surplus 
above the eutectic, and later (2) a contemporary crystallization of 

both minerals at the eutectic point (Fig. 16). 
The same scheme also illustrates the eutectic mixcrystal Type V 
(Fig. 6), for all compositions between 7 and g, and under given con- 
— ditions as to the equilibrium be- 














$< tween solid and liquid, also for 

P the compositions with more a 
i re.17 than 7, resp. more b than g. 

In mixcrystal Type [V, with a 

— P surplus of a, there takes place 

= 7 rw. 18 first a crystallization of A which 

at the peritectic point—accord- 

R ’ , oa ingly as the melt lies between P 

ponend + Fic 19 ~and g, or between g and a—is 


partly or totally transformed to 
B, which on further cooling continues to separate (Fig. 17). In mix- 
tures with a surplus of b we only get B, the sequence first B and 
later A here being excluded. 

In a system with an “incongruent”? melting component (Fig. 7) 
with a surplus of R (above H) we get first (1) crystallization of R, 
which at H—accordingly as the melt lies between R and S, or be- 
tween S and H—is partly, resp. totally transformed to S. In mix- 
tures with more of the component S than point S below H we (2) 
then get crystallization of S, and (3) at last, at the eutectic point, a 
contemporary crystallization of S and U (Fig. 18). 


IN TERNARY SYSTEMS 


In a ternary system composed of three independent components 
(Fig. 8) we get the sequence of crystallization illustrated by Fig. 
19; at last at the eutectic point a contemporary crystallization of all 
three components. 

As to the aumerous complications which may take place in ternary 
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systems composed entirely or partly of mixcrystals the writer refers 
to a chapter, on “continued,” “‘( previously) closed,” and “(temporarily) 
interrupted” crystallization, which, on the basis of a manuscript of 
Schreinemakers, the writer worked out in 1908." Some instructive 
examples only are given here. 


a:c belongs to Type I, b is an independent component toward a as 
well as toward c, thus giving binary eutectics a:b and b:c (cf. Figs. 11 
and 12). 

The crystallization may be illustrated by Figure 16, the simul- 
taneous crystallization—with continuous displacement of the ratio 
a:c (e.g., An: Ab) in A,,C, (e.g., plagioclase) and also with continued 
displacement of the proportion between B and A,,C,—taking place 
along the cotective curve between E,., and &,_,. With a continu- 
ous fall of this curve, in the direction of E,_., the residual magma, 
at advancing crystallization, approaches more and more closely to 
E;--, but the point E;_, will not be reached, the final residual magma 
in the chosen examples solidifying as plagioclase rich in Ab (and 
poor in An) with some diopside, resp. quartz. 

If the curve between £,., and &;., has a minimum, the final 
residual magma from both sides will approach this minimum of the 
cotectic curve, thus delivering a final product resembling the binary 
eutectic. And if the curve has a maximum, the final residual magma 
from original mixtures on each side of the maximum will approach 
the corresponding binary eutectic, E,4, resp. Ey. 


a:c belongs to Type I, a:b and b:c to the eutectic mixcrystal Type 
V, with a continuous fall of the cotectic curve from E,4 to Ey, (Fig. 13). 

With some reservation as to the portion near the a(An)—®(Or) 
side, we may apply this case to the system Ab: An: Or, forming two 
individualization fields: the plagioclase and the orthoclase field. 
With a surplus of plagioclase this mineral begins to crystallize first 
(the opposite is the case with a surplus of orthoclase), and later, in 
both cases, we get a simultaneous separation of both kinds of feld- 
spars, the plagioclase with a continuous enrichment of Ab and im- 

t “Physikalisch-chemische Gesetze der Krystallisationsfolge in Eruptivgesteinen,” 
Tscherm. Min. Petrog. Mitt., Vol. XVII (1908), pp. 141-55. 
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poverishment of An, at last only with a trifle of An, the final residual 
magma with composition almost exactly at 40 Or:60 Abn. 


a:b and a:c are discontinuous mixcrystals belonging to (the peri- 
tectic) Type IV, and b:c form continuous mixcrystals belonging to 
Type I (Fig. 14). 

We here meet the same sequence as at the binary Type IV. At a 
surplus of a, first A, in a melt of composition within g,-P,-P.-g, 
supposed complete equilibrium, and in a melt of composition within 
a-g.-g. partially transformed to B; in the last case with a continued 

crystallization of B (cf. Fig. 7). 








, an surplus , Acrystallization first B and later 
In part ” + “| ao 
avr pee — A is excluded. 


























a. i A i Within the various fields of the 
In part &. ° : rae 
eso amu, ” ternary system illustrated by Fig- 
, ure 10 (r with lower temperature 
C &t Surplus 
nent A ef _, than v) we get the sequence of 
» cs T 1 . 
- { 2 + crystallization illustrated by Fig- 
ure 20." 
c. , : ae : 
— 2 t 1 Thus at the last stage in each 
cho . . 
}@—__j case a simultaneous crystalliza- 
tion of a and C, and in the fields 
8 6 wm surplus ; 
in pert [ + — with more b than a v c, where also 
be - . , SB may be separated, a cessation 
A ay > Sepa’re °a, a CeSS 
pe} y — ,' 
of the crystallization of B at a 
pf. ne , given rather early stage was 
In or +e: F anil f und 
bul O . 
7 In Figure 10 the curve /v is a co- 


tectic curve. But in another sub- 
class, the curve /v in the area near / may be a cotectic curve and in the 
area near v a peritectic curve, and here we meet with still more 
complications. Thus one of the minerals in melts of a certain com- 
position may first crystallize at a given period, then cease to crys- 


™ Vogt, ibid. (1908), p. 145. 
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tallize, and at a new period again begin to crystallize,' thus deliver- 
ing a ‘‘temporarily interrupted” crystallization. 


In the ternary systems we can clearly define the following cases 
with regard to the sequence of crystallization: 

I. First A alone, then A and B contemporaneously, and at last 
A, B, and C contemporaneously (e.g., Figs. 8, 9, and 19). 

II. At a, b, ¢ giving one independent component and one mix- 
crystal, or two mixcrystals, yet not of Type IV (e.g., Figs. 11-13), 
first A alone, and then A and B contemporaneously (Fig. 16); com- 
mon to both cases (I and II) is the fact that the crystallization of a 
mineral continues from its beginning and until the residual magma 
is used up. 

III. At surplus of a first mineral A alone, then reaction between 
solid and liquid delivering (partial or complete) resorption of A 
with cessation of A, and at last crystallization of B alone (Figs. 5, 
14, and-17); the sequence first B and later A here being excluded. 

IV. When S has an incongruent melting point, we first get a 
crystallization of R, then cessation and resorption of R, later crys- 
tallization of S, and at last a contemporary crystallization of S 
and U (Figs. 7, 18). 

V. Under somewhat different conditions (see, e.g., Fig. 10, illus- 
trated by Fig. 20) we may get the crystallization of a mineral ceasing 
at an early stage. 

VI. Under still other conditions we may get an interruption of the 
crystallization of a mineral (first crystallization, then cessation, and 
at a still later stage renewed crystallization). 

VII. When a:0, a:c, b:c form continuous binary mixcrystals, and 
a:b:c forms a continuous ternary mixcrystal, we only get a single 
ternary mixcrystal. 


By synthetical investigations at the Geophysical Laboratory, 
Washington, it was stated that SiO, (at high temperatures crystalliz- 
ing as cristobalite, resp. tridymite) forms binary eutectics with 
a-CaSiO,, MgSiO,, CaMgSi,O¢, ALSIO,; and An, and CaMgSi,O¢ 
forms binary eutectics with Ab, resp. An, and cotectic with Ab+An. 


* Vogt, ibid. (1908), pp. 148-52. 
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Further it is stated by analytical investigations that e.g., Qu: Or, 
resp. Qu: Ab forms binary eutectic, Qu: Or+,4), resp. Qu: Ab+,, forms 
cotectic, Qu:Or:Ab forms ternary eutectic, Or:Ab forms binary 
eutectic, Or:Ab;,, forms cotectic, and K, Na-feldspar:acmite 
(NaFeSi,O.¢) forms cotectic. 

These facts in connection with the petrographical investigations 
justify the conclusion that in the granite rocks orthoclase (micro- 
cline) and the acid plagioclases, the monoclinic pyroxenes, the bio- 
tites, and the quartz continue to crystallize without cessation or in- 
terruption from the beginning of their separation until the final 
residual magma is used up, yet with some reservations in particular 
as to the dissolved water which may influence the character of the 
Fe, Mg-silicate, and with reservation as to the presence in the mag- 
ma of a component illustrated by the formula SiO,-nH.O (see be- 
low). The same conclusions concerning crystallization without ces- 
sation or interruption may also be applied to the proper (relatively 
acid) syenites, yet with the same reservations as above and also with 
a reservation as to hypersthene and olivine (and in the proper sye- 
nites no leucite or nephelite supposed). 

But, on the other hand, in several rocks of basic or intermediary- 
basic compositions it is observed that a mineral at a relatively 
early stage ceases to separate. This may be due to various causes. 
At the peritectic types (the binary type No. IV, Fig. 5 and e.g., 
the corresponding ternary type, Fig. 14) with a surplus of a we 
first get crystallization of A, then cessation of A, reaction and fur- 
ther crystallization of B' (Fig. 17). In this connection we also men- 
tion the complicated phenomena illustrated by Figure 20. We also 
refer to the phenomena, in particular, studied by Bowen concerning 
the incongruent melting minerals (Figs. 7 and 18). And the mag- 
matic equilibrium during the process of crystallization may some- 
times be rather strongly dislocated due to the escape of H,O, etc., 
occasioning the cessation of one mineral (e.g., hypersthene, diopside- 
diallage) and the formation of another (e.g., biotite). 

Among the igneous rocks the writer does not know any example? 
of “interrupted” crystallization. 

* This may probably be applied to the system hypersthene: monoclinic pyroxene in 


the igneous rocks, often giving the sequence 1 hypersthene, 2 monoclinic pyroxene, but 
never the opposite sequence. 


? Disregarding the provisorical interruption due to undercooling. 
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Rosenbusch in his textbooks contended that the separation period 
of the minerals 1 (apatite, ores, etc.) and 2 (Fe,Mg-silicates, and 
connected minerals), and, further, of 2 and 3 (in particular the feld- 
spars) should in general overlap very little; or, in other words, that 
each mineral should be characterized by a relatively short duration 
of the crystallization. As has just been mentioned, this does occur in 
reality under some separate chemical conditions, yet these may be 
considered as exceptions, and in most cases Rosenbusch’s statement 
does not meet the point. 

The minerals of the first group, such as apatite, zircon, pyrite, 
etc.—as to chemical composition quite alien to the silicate mixture’ 

are soluble only to a small extent in the ordinary silicate magmas, 
and consequently, when present in not too trifling amount,” begin to 
separate at the very first stage of the crystallization. Yet they con- 
tinue to separate during the whole solidification, small amounts 
being present even in the very last residual magma. This may be 
investigated best by the study of the ordinary residual magma dikes, 
without any supply of volatile material. 

Taking P.O, (apatite) as an example, the writer constructed 
graphs of the P.O; contents in some residual magma dikes connected 
with the lardalite at Lardal and with the nordmarkite near Oslo, on 
the basis of the article on the magmatic differentiation. The dif- 
ferentiation stage of the residual magma, to which the various dikes 
belong, has by divers working methods been approximately fixed. 
The contents of P.O, in a number of anchi-eutectic granitic residual 
magma dikes (with about 75 pc. silica and about 40 Or:60 Ab+,,) 
amounts to a little less or a little more than 0.010 pc., i.e., the anchi- 
eutectic granitic residual magmas at a temperature of about goo” 
may keep in solution as much as about 0.025 pc. lime-phosphate. 

In the dikes in question we can sometimes also ascertain a trifling 
amount of zircon, in very small crystals. 

Also in the anchi-eutectic syenitic residual magmas we find very 
small amounts of apatite and zircon, and the anchi-eutectic residual 

* And for this reason by the writer (1918) designated as “‘telechemic,” and later by 
F. Rinne as “‘silicotel’’ minerals (tel=foreign). Rinne’s modification of my own older 
term is in my opinion an amelioration which I recommend. 

2 Such as apatite when present in a quantity lower than approximate 0.02 pc. (=ap- 
proximately 0.008 pc. P.Os). 

3 Op. cit., Vol. III, first half. 
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magmas of granitic composition carry as a rule about 1-1.5 pc. 
magnetite, and those of syenitic composition still a little more 
magnetite. 
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residual-magma dykes. Various scales for the contents of P,O; are used in the two graphs. 


Further, these dikes are throughout characterized by rather small 
amounts of Fe,Mg- or Fe,Na-silicates, proving that these minerals 
in the granitic and syenitic magmas also continued to crystallize 
without cessation up to the solidification of the very last residual 
magma. In continuous mixcrystal minerals, the composition during 
the course of the crystallization may often be strongly dislocated 
thus, e.g., the monoclinic pyroxenes in the South Norwegian larvikite 


and lardalite vary from 
60M gCaSi,0¢- 31 FeCaSi,0¢- 5NaFeSi,O, . 4 divers 
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in the pyroxene (diopside) of the plutonic to about 


70-75, NaFeSi,O. and rest 30-25 FeCaSi,0¢, MgCaSi,Og, etc. , 


in the pyroxene (aegerite) in the residual magma dikes. 
In the following section the sequence of crystallization of quartz 
and the feldspars in the granitic rocks will be referred to again. 


SOME APPLICATIONS TO THE MAGMAS 
CONCERNING THE INFLUENCE OF THE DISSOLVED VOLATILES 

The magmas usually consist of numerous components; thus, tak- 
ing the granitic magmas as an example of a few main components 
Qu, Or, Ab (with An), and several minor components, such as 
Fe,O,, the mica components, etc., further dissolved H,O, CO., etc., 
and in many cases a component illustrated by the formula SiO,- 
nH,O. Yet, the minor components exercise only a subordinate in- 
fluence on the crystallization, and consequently also on the gravita- 
tive differentiation of the main components. H. E. Boeke is quoted:" 

The saturation boundary between binary mixcrystals as well as in general the 
equilibrium between two solid phases of a binary system do not change by 
contact with other phases and components when these new entering com- 
ponents do not form solid solutions or stoechiometric compounds with the for- 
mer solid phases. 

In order to investigate the laws of crystallization of the principal 
components of the magma we may thus generally leave the com- 
ponents which are present only in a subordinate quantity out of con- 
sideration—and this may, as is emphasized by P. Niggli, also be ap- 
plied to the dissolved volatiles, H,O, etc. In this connection a por- 
tion of the conclusion in the treatise of Niggli is quoted: 

The physicochemical experiments prove that the gas mineralisators in many 
cases (at high pressure) behave in the same manner as other components, and 
that thus Vogt’s view that dry melts explain many petrographical problems is 
correct. 

In a magma containing mixcrystal components, e.g., Ab and An 
besides dissolved water, the water will not influence the mixcrystal 
system. And in a magma consisting of the components Or and Qu, 

t Grundlagen der physikalisch-chemischen Petrographie (1915), p. 104 (2d ed., 1923) 
by W. Eitel. See also writer’s paper in Jour. Geol., Vol. XXIX (1921), p. 326. 
2“Tie Gase im Magma,” Centralblatt f. Min., etc. (1912), pp. 337-38. 
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besides relatively subordinate quantity of dissolved water, this third 
component will occasion a cotectic curve between the orthoclase field 
and the quartz field, the simultaneous crystallization of the two 
minerals taking place along this curve at rather small contents of 
dissolved water differing somewhat, but not very much, from the 
binary eutectic point between the two minerals. During the crystal- 
lization, at a gradual escape of the dissolved water, the residual 
magma will steadily approach the binary eutectic, the very last 
residual magma carrying only a trifle of dissolved water, solidifying 
almost exactly at the binary point. 

For these reasons which the writer has pointed out in previous 
papers’ he cannot accept the view which Fenner advocates in his 
Katmai article? and in his article on the word “‘eutectic,’’? namely, 
that the presence of volatiles in the magmas should make it almost 
impossible to apply the experience concerning the eutectic point and 
the cotectic curves (or boundary curves) in dry melts to the magmas. 
As to this question the writer agrees with Wahl‘ in his article on 
eutectics. 

ON THE GRANITIC EUTECTIC AND THE GRANITIC COTECTIC 

Referring to the writer’s previous articles and his continued in- 
vestigations’ (1930) a summary will be given. 

1. As to graphic-granite, the following are noted: 

a) Fersmann’s crystallographical studies® of the intergrowth be- 
tween quartz and microcline (Fersmann’s law) prove unquestion- 
ably a simultaneous crystallization. 

b) The writer’s investigations of the “oriented” graphic-granite 
prove the same—the “oriented” graphic-granite showing a crys- 
tallization first of microcline alone up to a given crystallographical 
plane (o10, oo1, 110, 201, etc.), and then a continued growth of the 

* See especially Jour. Geol., Vol. XXIX (1921), pp. 325-26, and Vol. XXX (1922), 
pp. 662 ff. 

2“‘The Katmai Magmetic Province,” Jour. Geol., Vol. XXXIV (1926), p. 673. 

3 “Significance of the Word ‘Eutectic,’ ”’ Jour. Geol., Vol. XX XVIII (1930), p. 150. 

4 Op. cit. 

5 The Physical Chemistry of the Magmatic Differentiation of Igneous Rocks, Vol. III, 
second half (Oslo Academy, 1930). 


6 Zeitschr. f. Kryst, Vol. XLIX (1928) and a previous paper in the Russian language, 
in the Acad. Sci. Petersburg (Leningrad, 1915). 
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microcline (with the same crystallographical orientation) together 
with the crystallization of quartz, delivering graphic-granite with a 
sharp crystallographical boundary toward the pure microcline in the 
kernel, and thus demonstrating the beginning of the separation of 
the quartz at a given point during the separation of the feldspar. 

By two working methods independent of each other the simul- 
taneous (primary) crystallization of the two minerals of the graphic- 
granite is thus now definitively decided. 

c) Further it is to be pointed out that the quantitative composi- 
tion of the microcline graphic-granite only varies within narrow 
limits, twenty-one chemical analyses and a lot of geometrical meas- 
urements showing: 

On the average 74.0 pc. silica (equaling 25-26 pc. quartz:75-74 pc. 
K-feldspar). 

In most cases between 73.5 and 74.5 pc. silica (equaling between 
about 23-24 and about 27 pc. quartz). 

Sometimes down to about 73 and up to about 75 pc. silica (equal- 
ing about 22, resp. 28 pc. quartz). 

Quite exceptionally the percentage may perhaps be as low as 
about 72.5 pc. silica. 

Some (5) analyses of oligoclase graphic-granite—the oligoclase 
with about 82-73 Ab, 13-22 An, 5 Or—show about 76.5-77 (or 
77.5) pe. silica, equaling about 33-38 pc. quartz: 67-62 pce. oligoclase. 

The K-graphic-granite of the pegmatite dikes as a rule was formed 
at a relatively early stage of the cooling of the pegmatitic magmas, 
composed of the components Qu, Or, Ab (with a little An), H,O (and 
other volatiles), and a component illustrated by the formula SiO,- 
nH,O, besides minor amounts of Fe,O,, the mica components, etc., 
the magma thus in the main consisting of the components Qu, Or 
(+ Ab) and H,O (besides SiO,-nH,O). Le., taking only into account 
the main components, the K-graphic-granite crystallized along the 
cotectic curve between Qu and Or at the presence of more or less 
HO, this last component occasioning some modifications of the 
chemical conditions and thus also some variations of the cotectic 
curve. The above holds good in principle also for oligoclase graphic- 
granite. 

2. Several analyses of granophyric, resp. spherulitic intergrowths, 





4 








424 JOHAN H. L. VOGT 


due to simultaneous crystallization of quartz and feldspar, carry 
about 75 pc. silica (at about 40 Or:60 Ab44,). 

3. a) A number of analyses of the groundmass or glass basis of 
porphyries with 60 pc. or still somewhat more silica show, compared 
with the total rock, a considerable increase of silica up to about 75 
pe. silica, but never surpassing this limit. 

3. b) The writer has made a comprehensive determination of the 
composition of the groundmass, resp. glass basis of a number of 
rather acid porphyries (with between 70 and 77 pce. silica) in the 
following manner: The quantity of the phenocrysts, geometrically 
measured, was subtracted from the analyses of the total prophyry. 
Porphyries with about 70 (or 69-71) pe. silica and 20-25 Or: 80-75 
Ab.an carry about 20 (or 19-25) pe. phenocrysts of feldspar (acid 
plagioclase) besides some Fe,Mg-silicate, and magnetite, but no 
phenocrysts at all of quartz, equaling a groundmass with 30-33 pc. 
quartz: 70-67 pc. feldspar (with about 35 Or: rest Ab4,,). 

And as the other extreme, a number of quartz porphyries and 
rhyolites with 75.5—77 pc. silica carry phenocrysts of feldspar as well 
as of quartz, but the phenocrysts of quartz are in so great an amount 
compared with those of feldspar (e.g., 4.3 pc. Qu and 2.9 pe. feld- 
spar; 5.3 pc. Qu and 1.9 feldspar; 7.3 Qu and 7.5 feldspar; 14.0 Qu 
and 22.4 feldspar) that the groundmass has become poorer in silica 
than the total rock." 

In Figure 22 is illustrated the ratio Qu: Or: Ab (or Ab,4,) in the 
microcline graphic-granites and in the oligoclase graphic-granites 
(the oligoclase here carrying about 77-87 Ab: 23-13 An), and further 
with black circles are illustrated the same ratio in the groundmass of 
a number (8) of quartz porphyries and rhyolites, the rocks with less 
than about 75 pc. silica? according to the just-named subtraction 
method giving a groundmass with an increasing and the rocks with 

* The old insistance of Rosenbusch, still accepted by numerous petrographers, that 
the residual magma of acid and intermediary acid rocks at advancing crystallization 
should run continuously more acid holds good up to the limit about 75 pc. silica. But in 
magmas with relatively low contents of H,O and SiO.-nH.O, carrying more than about 
75 pe. silica, we meet with the opposite case, namely beginning of the crystallization 
of quartz at an earlier (!) stage than that of the feldspar (or feldspars), the residual 
magma consequently becoming poorer (!) in silica than the total rock. 


? This limit to a subordinate degree varying with the feldspar ratio in the rock. 
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more than about 75 pc. giving a groundmass with a decreasing per- 
centage of silica. The determinations of the percentage of silica or of 
the ratio quartz: feldspar in the groundmass are for many reasons en- 
cumbered with some sources of error, amounting to 2 pc. or oc- 
casionally still a little more of quartz, e.g., 31+ 2 Qu:69+ 2 feldspar 
(at about 38 Or:62 Ab44,,). 

4. A number of dikes carrying from 60 to about 73 pc. silica (in 
the total dike) are characterized by basic borders, due to an enrich- 
ment of the first separated minerals, on the average somewhat more 
basic (poorer in silica) than the total rock. But on the other hand, 


ow 


Plagioclace field 








7o 60 90 
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in the literature have been described some few (3) dikes of aplite, 
granite porphyry, and granite, carrying 74—76.5 pc. silica and char- 
acterized by an acid border, with a little more silica than in the total 
dike, due to a small relative enrichment in the border of quartz.' 
5. The igneous rocks, the plutonics as well as the dikes and flows, 
show a maximum of extension at 70-74 pc. silica, and then at still 
a higher percentage of silica a very pronounced drop of extension. 
On the basis of these many facts, independent of each other, we 
conclude that the composition about 75 pc. silica has a separate sense, 
of fundamental petrogenetic importance, and further, that this depends 
on the fact that quartz and feldspar crystallize contemporarily just at 
about 75 pc. silica. The writer refers especially to the studies con- 


* See writer’s paper on the magmatic differentiation, Vol. ITI, first half (1929), p. 58. 
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cerning (1) the graphic-granite, (2) the granophyric, spherulitic, and 
aplitic structure of the groundmass, and (3) the chemical com- 
positions of the groundmass. 

On the basis of the above investigations a summary of the com- 
positions' is given with varying feldspar ratio delivering a contem- 
porary crystallization of quartz and feldspar (orthoclase, resp. 
oligoclase or albite-oligoclase). 


Pc-SiO, Proportion Qu: Feldspar 


Microcline graphic-granites about 75 Or: 25 Ab,an} +74 + 26 Qu:74 feldspar 


Groundmass, etc., of { 50-45 Or:50-55 Ab,an..| about 75-75.5 |+28-29 Qu:72-71 


porphyries, points feldspar 
at the cotectic 
curve 35-30 Or:65—70 Ab,an..| about 76-77 + 32-34 Qu:68-66 


feldspar 


Oligoclase graphic-granites 5 Or, 82-73 Ab, 
Te ae ; 7” ....| about 76.5-77 |+35 Qu: 65 feldspar 


The limit given above repeatedly with a round figure as “about 
75 pe. silica,” is, in fact, somewhat varying with the feldspar ratio, 
from 74 pc. silica at microcline (about 75 Or: 25 Ab4,,) up to about 
76.5-77 pe. silica at oligoclase (Ab 85 An 15-Ab 80 An 20 or Ab 75 
An 25). 

This curve represents the cotectic curve between the field of feld- 
spar (orthoclase, resp. acid plagioclase) on the one side and quartz 
on the other side (Figs. 9 and 22). 

In the writer’s previous papers the cotectic curve between the two 
kinds of feldspar—orthoclase (with microcline and sanidine) and 
acid plagioclase—has been determined by two methods: 

(1) The sequence of crystallization, at a surplus of Or first ortho- 
clase and later plagioclase, at a surplus of Ab,,, the opposite se- 
quence, and at a given medium feldspar ratio both kinds of feldspar 
contemporarily, and 

(2) The feldspar ratio in the residual magma dikes, such as gran- 


* Disregarding the small contents of magnetite, Fe, Mg-silicate, etc., in the granitic 


rocks. 
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ite-aplite, etc., resulting from differentiation mot accompanied by 
late magmatic reaction processes’ (such as myrmekitization, etc.). 

These two working methods quite independent of each other give 
the same result, viz., almost exactly 40 Or:60 Ab or Abyanp. 

The cutting-point between the two cotectic curves, Qu: Or and 
Ab (neglecting the small amount of An) and Or: Ab (also here neg- 
lecting the small amount of An) represents—in the strict sense of 
the term—the lernary eutectic Qu:Or:Ab (Fig. 9), and this, sup- 
posing the presence of a small quantity of An besides Ab, the writer 
has long ago (1908) designated as the granitic eutectic (or the ternary 
granitic eutectic). For the just-named cotectic line between quartz and 
the feldspar the writer has proposed (1930) the term granitic cotectic. 

Further, the writer long ago proposed the term syenitic eutectic 
for the eutectic Or: Ab: Fe, Mg- or Fe,Na-silicate (e.g., NaFeSi,O¢), 
this last mineral present in a quantity of some few per cent and the 
curve Or:Ab(,,,):Fe, Mg- or Fe, Na-silicate may be designated 
as the syenitic cotectic. 

In his last great work? Bowen, in the main on the basis of the same 
arguments which have been pointed out previously by the writer, 
emphasized that Qu: Or: Ab forms a ternary eutectic and that Or: Ab 
forms a binary eutectic, and for these eutectics he proposes the 
terms rhyolitic, resp. trachylic eutectic,’ which are practically iden- 
tical with my own older terms granitic, resp. syenitic eutectics for 
which I also have determined the chemical compositions. 


For many reasons, physicochemical as well as petrographical, we 
may presume that a portion of H,O in the granitic magmas, in par- 
ticular at a very high pressure, thus especially in the wira deep- 
seated granitic magmas, enters into combination with SiO,, forming 
a component which may be illustrated by the formula SiO,-nH,0.4 

In the granite pegmatites, formed at an ultra high pressure and 
solidified from magmas carrying rather high contents of water, as 

* See in particular writer’s paper On the Physical Chemistry of Magmatic Differentia- 
tion, etc., Vol. ITI, first half (1929) and second half (1930). 

2 The Evolution of the Igneous Rocks (1928). 

3 Bowen also proposes the term phonolitic eutectic, for Or: Ab: nephelite. 

4 See the summary in writer’s article in Econ. Geol., Vol. XXI (1926), pp. 230-31, 
with quotations of previous papers by Svante Arrhenius, Johann Jakob, and writer. 
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the last product of the solidification, we meet with a “central” 
quartz (low-temperature quartz) which may have resulted from a 
separate component SiO,-nH,O, together with H,O separated free at 
the very last stage of the cooling and by and by split up to quartz 
and escaping H,O. 

In the granites with about 75 pc. or still a little more silica and 
else as to AILO,, Fe,0,+FeO, MgO, CaO, Na.O, K.O, TiO., 
P.O,, etc., of exactly the same composition we meet with a highly 
varying sequence of crystallization between quartz and feldspar. 
Some granites show an early beginning crystallization of the quartz, 
earlier than the beginning of the crystallization of the feldspar, this 
being in the best accordance with the granitic cotectic. But other 
granites, even with a little more than 75 pc. silica, show a somewhat 
later beginning of the crystallization of the quartz, and this may be 
explained by the fact that the total quantity of the silica did not exist 
as the component Qu, but that a part existed as a separate com- 
ponent, illustrated by the formula SiO,-nH.O. 

The aplitic residual magma dikes in particular from shallow deep- 
seated granites carry as a rule 74, 75, or 76 pc. silica, sometimes as 
much as 77 pce., but only very rarely as much as about 78 pc. But 
on the other hand the pegmatitic residual magma dikes from ultra 
deep-seated granites carry only rarely as little as 75 pc. silica, and as 
a rule 78, 80, 82, 84 pc. and still more silica, indicating a rather great 
quantity of SiO,-nH,O. This also agrees with the occurrence of the 
“central” quartz as the last product of the solidification. 

We may thus in particular in the ultra deep-seated acid magmas 
in general presume a not quite inconsiderable quantity of the com- 
ponent SiO,-nH,O. The observations prove that the magmatic dif- 
ferentiation in the residual magma direction in by far the greatest 
number of cases deliver granites with about 70-74 pc. silica, thus 
with a little less silica than the granitic cotectic (and eutectic). But, 
on the other hand, a relatively scarce number of the granites show 
as much as 76, 78 pc., occasionally also as much as 80 pc., and quite 
exceptionally even still more silica. The cotectic granitic curve 
would seem thus to have been “surpassed,” this apparently being in 
contradiction with the “eutectic” theory. The reason may be that 
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the magmas besides the component Qu also contained a notable 
quantity of SiO,-nH,0.* 

The granite aplites, with some few exceptions connected with 
shallow deep-seated granites, and the granite pegmatites, almost ex- 
clusively connected with ulira deep-seated granites, are both resid- 
ual magma dikes, but in the chemistry of these dikes we on the 
average meet with very great differences. As just mentioned the 
pegmatites as a rule are much richer in quartz then the aplites, and 
further the aplites, e.g., from the Drammen granite and the Oslo 
nordmarkite—without myrmekitization—as to the feldspar ratio ap- 
proach the characteristic ratio 40 Or:60 Ab;,,. But on the other 
hand, the Norwegian granite pegmatites from the ordinary granites 
as a rule show a pronounced surplus of Or, only very rarely as little 
Or as 40 Or:60 Ab4,,, sometimes 50 Or:50 Ab,,,, most often 
60-70 Or: 40-30 Abin, and occasionally even up to about 75 Or: 25 
Abs an- 

As an example instar omnium the writer refers to the numerous 
granite pegmatites in Ostfold (Moss, Raade, etc.) connected with the 
@stfold (or Iddefjord, Fredriksstad) granite (with a little more Or than 
40 Or: 60Ab,,,). Each single one of his numerous slides of this granite 
show a notable myrmekitization. That is, by a late magmatic reac- 
tion process some Ab, in the residual magma has replaced some Or 
in the already solidified orthoclase (microcline), thus subtracting 
some Ab,,, from the residual magma and at the same time adding 
some Or to the residual magma and consequently delivering a (peg- 
matitic) residual magma rather rich in Or and rather poor in Abn, 
namely, often with as much Or as 70-75 Or: 30-25 Abi an. 

Turning now to the plutonics 

The nordmarkites (and related rocks) with 62-65 pc. silica only 
rarely show more Or than about 40 Or:60 Ab4,,, and almost never 
more than 50 Or: 50 Ab an. 

The relatively basic alkali granites with about 70 pc. silica show 
sometimes as much as 50 Or:50 Ab+4,, and rarely still a little more 
Or. 

* Only in some few cases of granites very rich in silica, we may presume an assimila- 
tion of compounds very rich in silica, with quartzite as an example. 
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But the rather acid alkali granites, with about 75 pc. or still some- 
what more silica show on the average about 48 Or:52 Ab.a,, and 
often as much Or as 60 Or:40 Ab,,, sometimes even as much as 
about 70-75 Or: 30-25 Ab ap. 

Thus, on the average, the percentage of Or in the alkali granites 
increases very considerably with the percentage of silica, and at the 
very acid granites even in more than half the total number of ana- 
lyzed samples the cotectic boundary, according to my determina- 
tions 40 Or:60 Ab;,, apparently has been “‘surpassed.’” 

_ Thus as to this question we meet with exactly the same phenom- 
* enon as at the pegmatitic residual magma dikes. 

We may presume that the potash richness also in the acid pluton- 
ics may be explained by late magmatic reaction processes—in the 
pegmatites in a small and in the plutonics in a large scale—and it is 
not unreasonable to suppose that the deciding process also in the 
acid plutonics may be the formation of myrmekite at a somewhat 
advanced stage of the crystallization differentiation of the original 
somewhat more basic rocks which at the ultimate magmatic dif- 
ferentiation stage delivered the granites. 

The granites represent the residual magmas at a far advanced 
stage of the crystallization differentiation, to be explained by the 
physicochemical laws for the phases liquid:solid where the eutectics 
are of predominant importance. 

In accordance with this explanation the granites within each 
comagmatic province belong to the last sequence of eruption 
magmas of granitic composition never existing at the beginning or 
intermediary stages of the differentiation—and the granitic magmas 
as a consequence of the mode of their formation never were super- 
heated. 

As another fact in accordance with the mode of the formation, it 
is pointed out that the granites have a lower initial crystallization 
temperature than any one of the other ordinary plutonics. 


* In writer’s above quoted paper, The Physical Chemistry of the Magmatic Differentia- 
tion, etc., Vol. III, second half (1930) his arguments have been given why he can accept 
neither Bowen’s attempt (in his great work 1928) nor Ruth Doggeth’s attempt (oP. cit.) 
to explain the here-treated phenomenon. 
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ON THE TERMS ANCHI-EUTECTIC, ANCHI-COTECTIC, AND 
MERO-EUTECTIC 

A very great number of the granitic rocks, plutonics as well as 
dikes and flows, show a composition only differing rather inconsider- 
ably from the granitic eutectic (about 30 Qu: 28 Or:42 Abin, with 
1-1.5 pe. Fe,O,, 1-1.5 pce. Fe,Mg- or Fe,Na-silicate, about 0.03 pc. 
apatite, etc.), they are thus of an almost (=anchi) granitic-eutectic 
composition or, to use the writer’s proposal of 1908, they are anchi- 
eutectic granitic rocks. 

And the numerous rocks of composition approaching the cotectic 
granitic curve (independent of the Or: Ab;,, ratio) may in a similar 
manner be designated as anchi-colectic granitic rocks. 

In a similar manner we have anchi-eulectic and anchi-colectic 
syenitic rocks, and further anchi-cotectic gabbroidic, resp. anchi- 
cotectic dioritic rocks, the last ones approaching the cotectic curve 
(Fig. 11) between pyroxene and plagioclase (with varying propor- 
tions between Ab and An). 

In particular, in order to be able to use these last-named deter- 
minations, anchi-cotectic granitic, syenitic, gabbroidic, etc., rocks, 
the writer has found it necessary to replace the term ‘eutectic curve”’ 
with a new term “‘cotectic curve.” 

To take the syenites as an example: the pulaskites and nord- 
markites, carrying small amounts of nephelite, resp. quartz, or a 
small surplus of one of the feldspars or of the colored silicate, are 
anchi-eutectic syenites, approaching the ratio 40 Or:60 Ab,,, and 
with a small quantity of the Fe,Mg- or Fe,Na-silicates. For these 
rocks when they carry a given rather small surplus of one of the 
minerals which constitute the eutectic, thus or orthoclase, or (acid) 
plagioclase, or one of colored silicates, Th. Vogt in his Sulitjelma 
work some few years ago (1927) proposed the term mero-eutectic— 
mero-eutectic thus designating a separate subclass of anchi-eutectic. 








PETROGRAPHY OF THE BEACH SANDS OF 
SOUTHERN LAKE MICHIGAN 


F, J. PETTIJOHN 
University of Chicago 
ABSTRACT 
Fifteen beach-sand samples were taken from points along the shore of Lake Michi- 
gan in Illinois, Indiana, and southwestern Michigan. These are described petrographi- 
cally, and their variations in textural composition, carbonate content, heavy mineral 
percentage, and heavy mineral frequencies are described and shown graphically. 
Two unlike series of beach sands are indicated by these characteristics, each of 
which shows progressions from one sample to the next. One series characterizes the 
western beaches, the other the eastern beaches. As the sands shift southward from 
the till cliffs, their principal source, they undergo regular and consistent changes tend- 
ing to reduce them to amore stable end-type, the present deposits of the Indiana 
beaches. The factors controlling these ‘‘sedimentation-variations’” are briefly reviewed. 


STATEMENT OF THE PROBLEM 

This paper is a product of one of a series of studies now in progress 
in the laboratory for sedimentary petrology at the University of 
Chicago on the sediments of the Lake Michigan basin. The object 
of this series of studies is the enumeration and evaluation of the 
factors which enter into the origin, transportation, and deposition 
of modern sediments. In order to attain this object, quantitative 
petrographic data on sediments in the process of formation must be 
assembled. In this article the beach sands of the southern part of 
the basin are described. 

THE GENERAL ENVIRONMENT 

The general areal relations of the beaches of the southern portion 
of Lake Michigan are shown on the map (Fig. 1). Two elements en- 
ter into the geologic environment. These are the areas of shore ero- 
sion in glacial drift, largely till, and the neutral or depositional shores 
of the lake plain and sand-dune region. The east shore, in Michigan, 
and the west shore, in Illinois near the Wisconsin line, are marked 
by narrow beaches behind which are recessional seaclifis, largely in 
till, while the shore in Indiana is largely marked by sand accumula- 
tion as shown by a wide beach and associated dune deposits. Local 
exceptions to both these generalizations occur. 

Two littoral currents, each south-moving, one along the west 
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shore and one along the east shore have been postulated’ and their 
cause explained.” Most writers agree on the existence of the current 
on the west side. But there has been disagreement as to whether 
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Fic. 1.—Index map showing localities from which samples were taken 











there is a south-moving current on the eastern side or not. The 
studies made by the writer prove that there are south-moving cur- 
rents on both sides of the lake. These drifts, set up by the wind, 
cause a longshore shift of beach materials, dominantly sand,’ from 

*G. B. Cressy, ‘Indiana Dunes and Shoreline,” Geog. Soc. of Chi. Bull. 8 (1928), 
pp. 15-17. Cressy gives references to the literature on this question. See also C. McD. 
Townsend, ““The Currents of Lake Michigan and Their Influence on the Climate of the 
Neighboring States,” Jour. Soc. Western Engineers, Vol. XXI (1916), pp. 293-309. 

2D. W. Johnson, Shore Processes and Shoreline Development (1919), p. 99. 

3 While the beach sands proper constitute the principal beach deposits at all places, 
there are a few other types of materials. At the water’s edge, in the zone wet by the 
incoming waves, there is, in many places, a narrow belt of very coarse sand, locally fine 
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the points of supply, the till cliffs, to the places of deposition, the 
southern beaches, subaqueous offshore zones and their associated 
landward wind deposits, the dunes.’ 


SAMPLING AND LABORATORY TREATMENT 

Samples, approximately 500 grams in size, were collected from 
the beach deposits of the present Lake Michigan at intervals from 
Highwood, Illinois, to South Haven, Michigan (see map, Fig. 1). 
The usual method of sampling the beach sand was to dig a small pit, 
approximately 1 foot deep, about midway between the water’s edge 
and the base of the cut cliff or the fore-dune ridge. The sand was 
taken from the sides of this pit, care being taken not to include the 
upper few inches, which is at many places lag gravel or wind-drifted 
sand. In some cases the beach had been recently cut into by the 
waves, in which case a sample was taken from the face of the cut, 
after removal of the upper layers. 


LIST OF SAMPLES 

No. 61.—Combination of two samples taken from narrow beach between 
closely spaced breakwaters? at base of till cliff. Near south line of Fort Sheridan 
at Highwood, Illinois. 

No. 40.—From narrow beach on north side of breakwater, midway between 
till cliff and water, Winnetka, Illinois. 

No. 39.—From narrow beach between till bluff (capped by a few feet of 
lake-laid sand) and the shore, Kenilworth, Illinois. 

No. 63.—From beach between closely spaced breakwaters, Rogers Park, 
Chicago, Illinois. 

No. 65.—From wide beach, Clarendon Beach, Chicago, Illinois. 

No. 55.—From beach just north of low limestone outcrops, near Seventy- 
eighth Street, South, Chicago, Illinois. 





gravel, which may be gathered into cusps. Also adjacent to breakwaters along the shore 
in Illinois there is some gravel (No. 54). Gravelly materials are rare on the beaches in 
Indiana but northward in both Michigan and in Illinois gravel is more common. 

In Indiana, and in some places in Michigan, there are associated landward deposits 
of dune sand. In Indiana the dune belt is locally over a mile in width. On the upper 
part of the beach there are fore dunes, which, in recent years as a result of high water, 
have been cut into by the waves. For reference and comparison with the present beach 
sands, two analyses of the fore-dune sands are given (Nos. 1 and 66). 


2 “Breakwaters” refers to the pierlike constructions placed at right angles to the 


shore. 
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No. 52.-—From beach between water’s edge and a fore dune at Miller Beach, 
Miller, Indiana. 

No. 58.—From beach between water’s edge and a fore dune, Baileytown 
Beach, about one and one-half miles north of Baileytown, Indiana. 

No. 53.—From beach between water’s edge and a fore dune, Waverly Beach, 
north of Tremont, Indiana. 

No. 60.—From wide beach between lake and a wide fore dune, about one- 
half mile northeast of the Michigan City breakwater, Washington Park, 
Michigan City, Indiana. 

No. 57.—From beach near water’s edge. Fore dune present in landward di- 
rection. Grand Beach, Michigan. 

No. 34.—From beach between water’s edge and fore dune. The fore dune 
lies on the upper part of the beach at the base of a till cliff. Estate of H. H. 
Swift, about one mile north of Lakeside, Michigan. 

No. 45.—From beach about three-eighths of a mile south of the St. Joseph 
breakwater. A wide fore-dune accumulation lies between the beach and a till 
cliff. St. Joseph, Michigan. 

No. 46.—From beach about midway between water’s edge and a low fore 
dune. A half-mile north of here are till cliffs undergoing active erosion. Higman 
Park, Benton Harbor, Michigan. 

No. 48.—From beach between low fore-dune ridge and the water. About 
1 one mile north of the South Haven breakwater, South Haven, Michigan. 


MISCELLANEOUS SAMPLES 

No. 51.—Sand deposit exposed on bank of Black River by low water. About 
three-quarters of a mile above the mouth of the river, South Haven, Michigan. 

No. 66.—Fore dune, Washington Park, Michigan City, Indiana. 

No. 1.—Active dune ridge, Miller Beach, Miller, Indiana. 

No. 54.—Local accumulation of fine gravel adjacent to a breakwater, Win- 
netka, Illinois. 

No. 62.—Till taken from face of cliff, freshly exposed by active undercutting 
by the waves. 


In the laboratory the field sample was split down with a sample 
splitter and two samples were weighed out. After weighing, the first 
sample, 30-50 grams in weight, was treated with dilute hydrochloric 
acid and the acid soluble materials, largely carbonates of calcium and 
magnesium, were removed. The clay and silt were then separated 
by elutriation,’ and the sand and fine gravel portions were separated 

*C. K. Wentworth, “Methods of Mechanical Analysis of Sediments,” U. of Ja. 
Studies, Vol. XI, No. 11 (1926), pp. 39-43. 
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by sifting through a nest of screens in a Ro-Tap shaker for ten min- 
utes.' From the weighed separates, the mechanical or textural com- 
position, in percentage of the original weighed sample, was comput- 
ed. There thus appears in Table I the percentage of carbonate,’ 
clay, silt, and the various screen sizes,’ the sum of these percentages 
approximating 100. 

The second and smaller sample, 10-20 grams in weight, was 
likewise treated with dilute hydrochloric acid. The carbonate-free 
material was then separated into two fractions by bromoform, spe- 
cific gravity of 2.85, into a light separate and a heavy separate. 
These were weighed and their respective percentages of the car- 
bonate-free sample were determined. A representative fraction‘ of 
the heavy residue of each sample was mounted in Canada balsam, 
and the mineral frequencies in this fraction were obtained by count- 
ing the grains in twenty different fields from different parts of the 
mount. This usually included from 500 to 1,000 grains. The results 
of this work are shown in Table II. In Table III the absolute 
amount of garnet present in these samples is assumed to be the same, 
and the relative amounts of the other principal constituents are 
recalculated on this basis (garnet being taken as 100). 


' Ibid., pp. 20-35. 

? Largely carbonate, also probably traces of iron oxide and a little apatite. This is 
probably the reason apatite is not reported in the lists of heavy minerals in these de- 
posits. 

3C. K. Wentworth, “‘A Scale of Grade and Class Terms for Clastic Sediments,” 
Jour. Geol., Vol. XXX (1924), pp. 377-92. The grade sizes used are those adopted from 
J. A. Udden by Wentworth. 

4 A representative fraction of the heavy minerals is very difficult to obtain. Simply 
removing a portion of the heavy minerals on a spatula from a glass vial was quite in- 
accurate even when the minerals were thought to be well mixed. Quartering of the 
heavy residue was accomplished in a special manner by placing four rectangular pieces 
(4 by 2 in.) of smooth paper together so that each overlaps half of one other and so 
that a square is formed, each quarter of which is a separate sheet of paper. The heavy 
minerals were carefully poured out into the center of this square and spread out into a 
circular area. Upon pulling the four pieces of paper apart the sample is divided into 
four quarters. Alternate quarters were mixed and alternate quarters rejected. This was 
continued until a residue of the right size remained. 
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TABLE III 


HEAVY MINERAL VARIATIONS RELATIVE TO GARNET 
(Garnet taken as 100) 























l 

Locality | No | Augite | son Epidote Ber | Zircon | — 
South Haven, Mich... . | 48 | 18 | 57 22 6 | 10 461 
Benton Harbor, Mich... | 46 | 14 63 | 20 10 | 13 593 
St. Joseph, Mich... . er: 45 st) II 7 igs 262 
Lakeside, Mich..... 1. 364 = | 187] 29 i. 145 
Grand Beach, Mich... vee | 57 | 8 | go 13 es 142 
Michigan City, Ind.. | 60 | 30 | 182 22 26 | 14 250 
Waverly Beach, Ind. . ‘ | 53 13 | 102 23 ei g 185 
Baileytown Beach, Ind... 58 | 22] 256 35 22 14 225 
Miller Beach, Ind....... | 52 | 47 | 867 | 147 56 39 286 
78th St., S., Chicago, Ill... . | 55 275 | 211 | 40 | I§ | 8 576 
Clarendon Beach, Chicago, Ill....} 65 | 368] 175 13 | 19 19 992 
Rogers Park, Chicago, IIl.. | 63 518 200 | 17 15 | 22 614 
Kenilworth, Ill... .. | 30 | woe 64 15 6 i m= 92 
Winnetka, Ill... .. | 40 | 717 | 372 | 47 16 | 12 62 
Highwood, IIl.. 61 |1,300 525 | 50 144 | 14 | 841 


Calculations made to the nearest whole number. 


TEXTURAL COMPOSITION OF THE BEACH SANDS 


Inspection of the tabulated analyses (Table I) and of the histo- 
gram plots of these analyses (Fig. 2) will show at once that the beach 
sands fall into two distinct series, one characterizing the shore from 
South Haven, Michigan, to Baileytown Beach, Indiana, and the 
other extending from Highwood, Illinois, to Miller, Indiana. 

The type for the eastern side of the lake may be summarized as 
a well-graded sand, usually with four or five grade sizes represented 
and only two or three of these with over 1 per cent, the maximum 
percentage, 59.4 (No. 57) to 78.0 (No. 58), falling in all cases in the 
>-} mm. grade size. The next largest percentage always comes in 
the next finest grade size, }-} mm. None of the samples contains 
any material less than ;'s mm. in size. They all have a little in the 
1-4 mm. size, and a few have a little in the 2-1 mm. size. 

The type for the western side of the lake is also a well-graded sand 
with four to seven grade sizes of which two to four have over 1 per 
cent. Unlike the beach sand of the eastern side, these sands, except- 
ing only one sample, have the maximum percentage, 50.0 (No. 39) 
to 78.0 (No. 52), in the }-§ mm. size, and the next largest percentage 
is, with the one exception, in the next coarsest grade size, }—} mm. 
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The exception of the Highwood sample (No. 61) is only apparent, for 
inspection of the figures and histograms shows this sample to be the 


end of a series in which the relative percentages of the 3-} and the 


i-g mm. sizes are progressively changing, one decreasing and the 
other increasing so that they come to exchange places. 

The western shore sands, in six out of the seven samples, have silt 
(,'s-s'¢ mm. size) present, and in two instances have a trace of “‘clay”’ 
(less than ,'; mm.). All have a little material in the 1-} mm. grade, 
but only one, the Highwood sample (No. 61), has any material 
greater than 1 mm. 

In summary, the marked differences between the two types of 
shore sand are found in the position of the maximum percentage and 
the next largest percentage and in the presence of clay and silt. 
The western shore sands are distinctly finer and not so well sorted. 

An important result of these analyses is the establishment of these 
two series, and the fact that there is a progression from one sample 
to the next within each series. This progression is most regular and 
best marked in the sands of the western beaches. It is clearly shown 
by the increasing percentage in the }-} mm. grade size, from 36.4 
per cent, in the Highwood sample (No. 61), to 78.0 per cent, in the 
Miller sample (No. 52). A corresponding but much less regular pro- 
gression is shown in the decrease in the }—} mm. grade size from 50.1 
per cent, in the Highwood sample, to 18.4 per cent, at Miller. The 
series appears to show progressively better sorting, increasing fine- 
ness of the sands, and elimination of the clay and silt, from High- 
wood to Miller. 

The eastern shore sands show a marked difference from those on 
the western side, as indicated, but they show much less variation 
among themselves. 

THE CARBONATE CONTENT 

The carbonate present in these beach sands was determined by 
warming a weighed sample of sand in dilute hydrochloric acid until 
effervescence ceased. The loss was calculated after re-weighing, and 
was recorded as “carbonate loss.” A very minor amount of iron 
oxide and apatite was perhaps also dissolved but the quantity was 
probably negligible. 

The carbonate was found to be present in two forms. Most of it 
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occurs as grains of limestone or dolomite, derived from the source 
material, the till. A small portion seems to be shells and worn frag- 
ments of shells. 

The carbonate content of these deposits varies from 2.5 (No. 52) 
to 15.4 per cent (No. 63) by weight. The variations are best shown 
by Figure 3. This curve shows a diminution in carbonate content 
southward on both sides of the lake. This decrease is probably due 
both to solution and to reduction of the grains by wear. It appears 
probable that solution is important since unpublished (and as yet 
incomplete) analytical data show the carbonate content to be high- 
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CARBONATE VARIATION CURVE 


Fic. 3.—Numbers across the top are sample numbers (locations shown on index 
map). The spacing of the lines representing the samples is proportional to their dis- 
tances apart. 


est in the coarsest of two samples from the same locality or higher 
in the coarser grade sizes in a single sample. Apparently fineness of 
division leads to more complete solution. 

The meaning of the apparent reversal of the curve for the north- 
ern end of the western section is not known. The higher content on 
the western side may be due to difference in rigor of wave action, 
as suggested elsewhere in this report, or to a real difference in the 
composition of the tills on the two sides of the lake. 

THE MINERALOGY OF THE BEACH SANDS 

Special attention was given to the ‘“‘heavy”’ minerals as these are 

more diagnostic of a sediment than the “light’’* minerals. The per- 


* A cursory examination shows these to be dominantly quartz and feldspar. The 
latter is fresh and bright. 
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centage of heavy minerals of the carbonate-free sample was deter- 
mined by weighing the minerals which sank in bromoform. Table II 
shows the variations in percentage from one sample to the next. 
Figure 4 is a graph of these variations. A systematic variation is 
indicated, only two samples departing widely from the general curve. 
These two (Nos. 65 and 39), abnormal in their high content of heavy 
minerals, very probably represent unusual concentrations, the so- 
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HEAVY MINERAL VARIATION 
CURVE 
q Fic. 4.—See explanation of Fig. 3 
called “‘pay-streaks” or ‘“‘color-bands’’ common on beaches. They 
: are, therefore, anomalies due to sampling.’ 
; Contrary to the mechanical analyses, but similar to the carbonate 


analyses, the best gradation in heavy mineral content is shown by 
the eastern shore sands. A diminution in percentage of heavy min- 
’ erals appears evident from the Michigan shores to the Indiana 
beaches. The variations in the western beach sands are more com- 
plex, and the reasons for these variations are not apparent. From 
Highwood (No. 61) to Miller (No. 52) the percentage varies, at first 
increasing and then decreasing. 

Unlike most sands of older geologic age, the beach sands have a 
large percentage of heavy minerals, from 0.5 (No. 52) to 7.5 per cent 
(No. 65). 

t As will be seen later, sample 39 is anomalous in nearly every respect when mineral 
composition is considered (see also carbonate curve). It has been entirely ignored in the 


subsequent diagrams when an average curve is drawn. Sample 65 is also anomalous but 
only markedly so in the percentage of heavy minerals. 
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As is to be expected of beach sands whose original source is glacial 
drift, the number of mineral species present is large. A total of twen- 
ty minerals is known from these sands. Because the immediate 
source is the drift, usually till, the mineral assemblage differs from 
the normal types found in deposits of older geologic age in that many 
unstable detrital minerals are present, often in sufficient quantity to 
obscure the more usual stable detrital species. Augite, hypersthene, 
hornblende, and even pyrite are common, whereas zircon, tourma- 
line, kyanite, staurolite, etc., are relatively rare. 

A list and brief description of the minerals identified is here given: 

Garnet.—In all samples, most variable in color, form, and inclusions. Color- 
less, very delicate pink, red, to reddish-orange or amber. There seems to be a 
greater proportion of the deeper-colored varieties in the sands of the eastern 
side of the lake than in the western beach sands. Garnet is common as very well- 
rounded grains, but in many cases it appears in angular, sharp-cornered irregular 
grains bounded by conchoidal fracture surfaces. The surface of some grains shows 
a variety of etch figures. On the better-rounded grains the surface is marked by 
percussion scars. Some of the garnet grains contain large inclusions, circular or 
rounded in form; others have lath- or needle-shaped mineral inclusions. 

Hypersthene.—Present in all samples in small amounts as worn cleavage 
fragments with straight edges and ragged or poorly rounded ends. Has marked 
pleochroism; x= pale rose-red; y= yellow; and z= pale greenish-blue. 

Augite—Abundant in the sands of the west side of the lake and present, 
but not abundant in the sands on the east side of the lake. Occurs as pale-brown 
worn cleavage fragments, often marked with a fine ruling structure, character- 
istic of diallage, which is in many grains at right angles or diagonal to the 
elongation of the grain. Generally poorly rounded or irregular. Many grains 
show dusty or cloudy alterations. 

Diopside—Common but not abundant in all samples. Difficult to differ- 
entiate from the augite with certainty, but usually colorless, or very pale yellow- 
ish. Moderate well-rounded, elongate grains. 

Hornblende-—Very abundant in all samples as rounded prismatic grains or 
as straight prismatic cleavage fragments with ragged ends. Also as irregular 
fractured fragments. Strongly pleochroic with «= yellowish-green; y= bluish- 
green; and z=dark greenish-blue. Often nearly opaque and transluscent only 
on the thin edges. 

Actinolite—Present in all samples in small amounts as worn prismatic cleav- 
age fragments. Pale green in color and only weakly pleochroic. 

Epidote.—P resent in all samples in small amounts as equidimensional grains, 
in some cases clear, but also clouded by alteration products. Moderately well 
rounded. Pleochroic from very pale lemon-yellow to light yellowish-green. 


Most grains show ‘“‘compass needle” interference figure. 
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Zircon.—About a half-dozen grains in an average mount of each of the sam- 
ples. Occurs as nearly perfectly rounded spherical colorless grains and also as 
slightly rounded euhedra. The latter are elongated prisms with single or double 
pyramid terminations. The latter type may contain needle-shaped mineral in- 
clusions and show a distinct zonal structure. 

Tourmaline.—Present in very small amounts in all samples. In all cases well 
rounded. Color brown with pleochroism marked. Indigo-blue tourmaline noted 
in several samples. 

Titanite——Rare though present in all but possibly one sample. Irregular, 
moderately rounded, pale yellow-brown in color. 

Staurolite—Present in all but possibly one sample, though only one or two 
grains present in a mount. Very irregular, ragged grains, always seemingly 
quite porous, full of large holes. Pleochroic, colorless to brownish- or amber- 
yellow. One cruciform twin was noted. 

Rutile—Rare, possibly one or two grains in a sample. Deep reddish-brown 
in color. Pleochroic. 

Kyanite.—Noted only in four samples. Large, clear grains, elongated, rec- 
tangular with squarish ends, and with marked cross-cleavage. 

Topaz.—Colorless, basal cleavage plates. In two samples only. 

Biotite-—A few brown flakes noted in several samples. 

Pyrite—Noted in six samples. Most abundant near the source of supply, 
viz., the till cliffs. In irregular to cubical grains, with a brassy appearance in 
reflected light. 

Iron ores.—Magnetite and ilmenite are very common as opaque black grains, 
in part well rounded, in part euhedral, and in part irregular grains. Partially 
to wholly altered to iron oxide, or more commonly to leucoxene. 

Leucoxene, etc—In all samples are varying numbers of grains, semiopaque 
in appearance, usually showing compound polarization, which represent min- 
eral aggregates developed from the other detrital mineral grains. The most com- 
mon materials are leucoxene and iron oxide. A reciprocal relationship exists 
between the percentage of the “‘ores’’ and that of these altered aggregates, in- 
dicating that most of the “‘iron ore”’ is ilmenite and that it is readily altered to 
leucoxene (see Fig. 10). Some of these altered aggregates are chloritic and have 
developed from ferromagnesian minerals. 


MINERAL FREQUENCIES 

The mineral assemblage of the different samples is essentially the 
same, but there are important differences in the relative proportions 
of the different minerals present in the different samples. An exam- 
ination of Table II will show these variations. An increase or de- 
crease in percentage of a particular mineral present does not mean 
that the absolute amount of that mineral is increasing or decreasing. 








sso rpe ie Spee 


dita cemniahetin etomy ates 








446 F. J. PETTIJOHN 


Minerals increase or decrease only in a relative way, only when re- 
ferred to some other specific mineral. The variations of the most 
important minerals in these beach sands were studied relative to 


garnet. Garnet was chosen for this purpose because (1) it is a rela- 
tively stable detrital mineral, one of the last to be removed by 
abrasion or solution, (2) it is easily recognized, and (3) it is present 
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Fic. 5.—Numbers across the top are sample numbers as in Figs. 3 and 4. The num- 
bers on the left are for both percentage and percentage number relative to garnet, 
garnet taken as 100. Data taken from Tables II and III. 


in all samples in sufficient quantity as not to be greatly in error in 
percentage determination. 

With garnet as a constant, the relative abundance of the other 
minerals in the different samples was calculated as follows: 

A:B=100:x, 

where A=percentage of garnet determined by counting, B=per- 
centage of any other constituent determined by counting, and x= 
relative value of this other constituent where garnet is taken as 100. 
The results of the calculations are given in Table III. The validity 
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of this method and of the assumptions is indicated by the fact that 
curves drawn for the different minerals are more regular, with fewer 
reversals, than when curves are made based on the original per cent- 
ages as determined. 

The variations of augite, hornblende, epidote, hypersthene, zircon, 
and the iron ores were studied in detail. Augite shows the most re- 
markable and most clearly defined variation (see Fig. 5). Of the fif- 
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Fic. 6.—See explanation of Fig. 5 





4 teen samples analyzed and plotted, twelve fall on a well-defined 
curve. This curve indicates a rapid decrease in the amount of augite 
from the northern portion of the western beaches to the southern 
end of the lake. A slight decrease is indicated also from the Michi- 
gan beaches southward to the Indiana shores. This appears to mean 
' that, relative to garnet, augite decreases in the beach sands as the 
sands are shifted southward on both sides of the lake. 

For hornblende the variations are more complex. Twelve of the 
samples fall on two well-defined curves (Fig. 6). Three samples are 
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aberrant, but these three are the same three aberrant samples in 
the augite curve, and the errors in both cases are in the same direc- 
tion. The hornblende curves are remarkable in that, relative to 
garnet, the hornblende at first decreases and then increases as one 
follows the sands of the western shore from Highwood, Illinois (No. 
61), to Miller, Indiana (No. 52). Hornblende also appears to show 
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Fic. 7.—See explanation of Fig. 5 


an increase from the Michigan shores southward to the Indiana 
beaches. 

Epidote shows almost the same type of variations as hornblende, 
the two curves corresponding in most places, the three aberrant 
samples for hornblende appearing exactly as they should in the 
epidote curve with the errors in the same direction. It must be con- 
cluded that, relative to garnet, epidote and hornblende vary alike, 
but both are different from augite. 
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Zircon and hypersthene apparently show no well-defined trend, the 
amount relative to garnet varying irregularly from sample to sample. 
It is to be noted, however, that while the variations are non-pro- 
gressive, they are almost all in the same direction for each of these 
two minerals. 
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Fic. 8.—See explanation of Fig. 5. In this figure only the relative values are given. 
Actual percentages are given in Table IT. 


Iron ores.—The variations of the iron ores, magnetite and ilmen- 
ite, and possibly some other black opaque minerals, are peculiar. 
An approximate reciprocal relationship seems to exist between the 
ores and the minerals formed by alteration, principally leucoxene. 
This is shown by plotting the percentage of iron ores as measured 
against the percentage of altered grains as measured. Seemingly 
there are two curves, one for the samples of the eastern beaches and 
one for the samples of the western beaches (Fig. 9). These relation- 
ships indicate that the altered material is largely leucoxene derived 
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from the ilmenite and possibly iron oxide from the magnetite of the 


shore sands. 

How much this relationship enters into the curve for the relation 
of the iron ores to garnet (Fig. 10) is not known. However, there 
appears to be a decrease southward on both sides of the lake, in the 
amount of iron ore present, as related to garnet. Samples 39, 46, 
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Fic. 9.—Percentage of “iron ores” plotted against percentage of “altered grains” or 
leucoxene, etc. Data from Table II. Black circles represent samples from western 
beaches. White circles represent samples from eastern beaches. Numbers by circles 
refer to samples. 


and 65 appear to be abnormal, probably because they are local con- 
centrates. Sample 60 is also aberrant, possibly for the same reason. 

In summary it may be said that the beach sands of the two sides 
of the lake differ from each other, not in the kind of minerals present, 
but in the proportions of the minerals present. Furthermore, from 
these two types there are progressive variations on both sides of the 
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lake to a common type or stable end-product. Samples 52 (Miller, 
Ind.) and 58 (Baileytown, Ind.) are the types toward which the shore 
sands are trending, as samples 61 (Highwood, Ill.) and 48 (South 
Haven, Mich.) may be taken as representing, more or less, the initial 
sand type for the western and eastern shore sands, respectively. 
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Fic. 10.—See explanation of Fig. 5 


THEORETICAL CONSIDERATIONS 

The causes for the initial differences and of the variations of these 
beach sands are not certainly known, and the discussion which fol- 
lows is suggestive rather than conclusive. 

Differences may be due to (1) different source materials, such as 
primary differences in the till on the two sides of the lake and dif- 
ferences in the kind of material supplied by streams entering the 
lake on the two sides; (2) wear or abrasion during transit from points 
of supply to place of sampling; (3) differences in processes on either 
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side of the lake due to difference in wind direction and resultant 
wave strength and direction, with selective action of the waves 
varying regularly from one place to another along the shore; or to 
(4) differences due to the importance of wind action on the beaches. 

Till is the principal source material, and it is so variable in tex- 
tural composition (see sample 62, Fig. 2) that any size or combina- 
tion of sizes can be selected from it. From theoretical reasons it is 
probable that there are initial mineralogic differences in the tills on 
the two sides of Lake Michigan, but these differences are probably 
very slight and not quantitatively sufficient to account for the min- 
eralogic differences noted in the beach sand on the two sides of the 
lake. 

The streams on the eastern side drain areas covered by till from 
the Saginaw and Erie ice lobes, and hence a different mineral as- 
semblage is to be expected since the streams on the western side of 
the lake drain only areas of drift from the Michigan lobe. Further 
work is needed to show the importance of this element. 

Further research is needed to show the abrasive effects of trans- 
portation on individual grains and such studies are in progress. 

For reasons enumerated below, however, it appears that the sum 
total of all the factors which make up the environment of any par- 
ticular place along the shore determines the type of deposit found 
there. Thus a beach deposit is in equilibrium with the present con- 
ditions, and at any place, as a result of beach transportation, the 
loss by attrition and solution is just balanced by new accessions. 
But the factors which make up the environment change as one goes 
from place to place along the shore. 

If the term “‘rigor,” as applied to streams,’ is used to describe the 
effective wave strength for any given location along the beach, it is 
clear that material below a certain size is removed lakeward by the 
undertow while material greater than a certain size is not moved at 
all. Hence a limited range of sizes is selected for transportation. 
But what is selected varies from place to place because the rigor of 
the wave action varies with different orientations of the shore to 
the prevailing wind direction, fetch of the waves, direction of storm 

*C. K. Wentworth, “A Field Study of the Shapes of River Pebbles,’ U.S. Geol. 
Surv. Bull. 730-C (1922), pp. 109-10. 
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waves, etc.’ The prevailing winds of this region being southwesterly, 
one would expect the rigor of wave action to increase from a mini- 
mum on the western shores to a maximum on the eastern shores of 
the lake. This appears to account for the difference in size of the 
sand on the two shores, and also the much larger proportion of rela- 
tively unstable minerals on the western shores. As the beach sand 
drifts from place to place, it changes progressively to meet the 
changed conditions. 

Another important factor which influences the composition of the 
beach sand at any particular place is the wind. In collecting, an ef- 
fort was made to get only material actually deposited by the water. 
This was successful in most instances. However, on the southern 
end of the lake, and at places along the eastern shores, there are 
fore-dune ridges and dunes immediately adjacent to the beach. 
Particularly in recent years the waves have cut into these dune 
accumulations and the sand again has become part of the shore drift. 
As studies now in progress show, the wind is highly selective in ac- 
tion. No minerals show this more clearly than the heavy minerals. 
It appears probable that the dune sand derived from the beach 
adjacent is finer in texture, lower in carbonate content, lower in 
total heavy mineral content, lower in percentage of garnet, and high- 
er in percentage of hornblende. Data are not yet complete for all 
minerals. From the mineral variation curves it is concluded that 
the departure of samples 34 (Lakeside, Mich.) and 60 (Michigan City, 
Ind.) from the normal curve is due to the direct inclusion of wind- 
blown materials in the samples, or to the indirect inclusion of re- 
worked dune sand. Since the epidote curve is similar in all respects 
to the hornblende curve, it is predicted that the dune sands will be 
found to be higher in epidote than the adjacent beach sands from 
which they were derived. J. H. C. Martens’ believes that where a 
sand tends to be separated into two parts by wave action “the 
hornblende, on account of the intermediate specific gravity and 
somewhat flat shape of the grains, tends to be associated with the 

t Johnson, Joc. cit. Johnson has shown that the fetch is often more important than 
prevailing wind direction in determining the strength and direction of shore currents. 

2“The Mineral Composition of Some Sands From Quebec, Labrador and Green- 
land,” Field Mus. of Nat. Hist. Pub. 260, ‘Geol. Ser.,” Vol. V, No. 2 (1929), p. 30. 
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quartz and feldspar, rather than with the heavier minerals.” This 
seems to be true of both hornblende and epidote whether the agent 
of sorting be wind or water. This relationship may further account 
for the peculiar nature of the hornblende and epidote variation 
curves. These curves do show that, relative to garnet, the amount 
of hornblende and epidote increases as the sand is transported to- 
ward the southern end of the lake (exception being made of the first 
part of the curve for the northern section of the western shores). 
This does not necessarily mean that garnet wears out faster than 
hornblende and epidote, but more probably that the progression is 
a selective one and that hornblende and epidote are selected and 
carried along in preference to garnet. 
CONCLUSIONS 

1. The eastern and western shore sands on the southern end of 
Lake Michigan are different in their textural composition, and the 
samples from the two sides of the lake form two series, of which the 
western one shows a marked progression from north to south. 

2. The difference in textural composition between the sand of the 
two shores is that the western beach sands have their maximum 
grade one size smaller than the eastern beach sands, namely, in the 
i—* mm. grade size, and that they have the next largest percentage 
in the next largest grade size in contrast to the eastern shore sands 
which have their maximum in the 3—} mm. grade size and their 
next largest percentage in the next finest grade size. Furthermore, 
the western beach sands often have some silt or even a trace of clay. 

3. The same two series differ in acid-soluble carbonate content, 
the content being highest in the deposits of the western shores and 
lowest in the eastern shore sands. There is, however, a diminution 
southward on both shores of the carbonates so that a low point is 
reached on the Indiana shores. 

4. The percentage of heavy minerals by weight shows a variation 
closely corresponding to the carbonate variation. 

5. The heavy mineral frequencies, determined by counting and 
recalculating relative to garnet, show variations from one sample to 
the next. Augite diminishes greatly southward in the sands of the 


western beaches. It is initially much less in the eastern shore sands 
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but shows a similar decrease southward. Hornblende and epidote 
vary in a similar manner. Both show an initial decrease southward 
on the western side of the lake and then an increase to a high point 
at Miller, Indiana. A slight but progressive increase is indicated 
southward along the eastern shores to Miller, Indiana. Zircon and 
hypersthene show no progression relative to garnet but show fluc- 
tuations of an erratic sort though essentially alike for both minerals. 
The iron ores appear to decrease southward on both sides. This de- 
crease is paralleled by a reciprocal increase in leucoxene and other 
alteration products. 

6. These variations, textural, carbonate, heavy mineral percent- 
age, and heavy mineral frequencies, may be due to differences in 
source material (till), or differences in material supplied to the lit- 
toral currents by streams entering the lake on either side, or to 
abrasion of material in transit, or to differences in the rigor of wave 
action on the two sides of the lake as a result of the relationship be- 
tween shore direction and direction of the prevailing wind, with the 
result that the selective power of the waves varies from place to 
place, or to differences in the importance of wind action on the beach 
at different places. The writer believes the varying selective power 
of the waves is the important factor with the effect of wind action 
as a modifying element. Data are as yet incomplete, and the con- 
clusions are therefore not final. 


The writer wishes to acknowledge the helpful criticism of Profes- 
sors J H. Bretz and A. Johannsen of the Department of Geology of 
the University of Chicago. 














SNAKE RIVER DOWNWARFP' 


VIRGIL R. D. KIRKHAM 
Saginaw, Michigan 
ABSTRACT 

The history of the idea of subsidence and warping and the development of the idea 
of geosynclines and downwarps is reviewed, and a suggestion as to classification and 
definition of subsiding areas is made. Next is presented a review of the widely differing 
concepts held by many workers concerning the origin of the great arc-shaped depression 
called the Snake River plain which sweeps across the entire width of Idaho. The writer 
has accumulated evidence over a period of years which indicates clearly that the depres- 
sion is a downwarp formed by gentle and very gradual subsidence. This great structure 
attains especial significance because it does not parallel the grain of the continent or the 
Rocky Mountain system, but, to the contrary, crosses the latter almost normal to 
its axis. 

INTRODUCTION 

The data and conclusions presented in the following pages are 
results of field work undertaken for the Idaho Bureau of Mines and 
Geology in executing economic investigations. The writer spent 
eight weeks of field work on parts of the area in 1920 and the main 
regional, stratigraphic, and structural implications were gained at 
that time. These were amply confirmed by subsequent more de- 
tailed work which constituted a week’s work in November, 1921, 
a week’s work in 1926, and four weeks in 1927. Finally, the earlier 
results were enriched and amplified by twelve weeks of detailed 
work on the map area in 1928. The bulk of the material presented 
herein has thus been under consideration by the writer for ten years. 
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THE SNAKE RIVER DOWNWARP 


This great structural depression extends in a broad crescent across 
southern Idaho from Yellowstone National Park to the map area 
of this report, which it crosses, and extends thence into Oregon for 
a distance of at least 25 miles (See Fig. 1). The name “‘Snake River 
Downwarp”’ was originally assigned to this depression by the writer’ 
in January, 1927. Inasmuch as the origin of this great structural 
depression has been a matter of controversy for several years, a 
brief review of the ideas commonly held concerning downwarping 
are presented in the following pages, before presenting the evidence 
for considering this particular depression as a typical downwarp. 


HISTORY OF THE “‘DOWNWARP”’ IDEA? 


Strabo (born in 65 B.C.) appears to have first offered the idea that 
the lands have sunk and risen, assigning to vulcanism a large réle 
in these movements. Celsius, in 1743, decided that areas in Scandi- 
navia were subsiding. Although the idea was strongly opposed by 
many, Linnaeus supported him. When Leopold von Buch entered 
the lists, in 1802-07, supporting the idea by strong evidence, it be- 
came an orthodox conception. Von Buch apparently deserves the 
credit for establishing the idea of secular upheaval and subsidence. 
Bruslak, in 1803, argued that the Bay of Naples had subsided, and 
Prevost advanced evidence for crustal subsidences. Berzelius, in 
1835, argued for subsidence as a common phenomenon, and Darwin, 
in 1839, brought forth subsidence to explain the coral islands of the 
Pacific. James D. Dana, in 1849, argued for elevation at the poles 
and subsidence at the equator. 

Most of these earlier ideas of subsidence concerned areas chiefly 
submarine, vast in extent, and with indefinite boundaries. James 

' Virgil R. D. Kirkham, ‘‘A Geologic Reconnaissance of Clark and Jefferson and 
Parts of Butte, Custer, Fremont, Lemhi, and Madison Counties, Idaho,” Jda. Bur. of 
Mines and Geol. Pamph. 19, (January, 1927), p. 24. 


2 Thanks are due to Dr. George Otis Smith, former director of the U.S. Geol. Surv. 
for suggestions concerning sources of information on this subject. 
































tr arete tieeM HEIN AL. Mate Y iue meerin as inTon 
r vie MCHGENT OR BENSETA eet et mT Te os EXPE 
HEAL OR MINKE AND? GB rbemay 


Fic. 1.—Index map showing position of map area in Idaho, and approximate po- 
sition of axis of the Snake River downwarp. 
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Hall, in 1857," when discussing the origin of mountains, suggested a 
slightly different conception of subsiding areas, by saying, “Gradual 
accumulation of sedimentary masses in areas of subsidence must, 
on account of the altered equilibrium, give rise to folding and frac- 
turing of the crust and consequently to mountain chains.” 

On the basis of this concept he outlined areas of subsidence whose 
boundaries and orientation were essentially similar to mountain 
chains. Babbage and Herschel had, however, in 1837, noted that 
areas of subsidence and deposition later became the sites of uplift. 

Dana disagreed with Hall’s concept of the origin of mountains but 
accepted his ideas on subsidence and consequent deposition. To the 
great trough-like hollows of subsidence and deposition he gave the 
name “‘geosynclinal.’’ He advanced the idea that mountain systems 
arose from sediments accumulated in “‘geo-synclinals” and said, 
‘“‘As subsidence continues, the deeper strata are weakened by heat 
and pressure and readily tear assunder.”’ 

Dana, in 1863, defined “‘geoclinal” as follows’: “wider depressions 
lying between distant ranges of elevations were produced through 
a gentle bending of the earth’s crust and these great valleys or de- 
pressions (like the Mississippi and Connecticut valleys) may be 
called ‘geoclinal.’ ”’ 

This represents his preliminary groping for a name to assign to 
certain types of subsiding, or warped, areas. In 1873, Dana estab- 
lished the name “geosynclinal’’ for these downwarped areas. He 
said,4 ‘““The making of the Allegheny Range was carried forward at 
first through a long continued subsidence—a geosynclinal’ (not a 
true synclinal). 

That he considered it the same depression to which he had as- 
signed the name “‘geoclinal,”’ in 1863, is indicated by his calling the 
““Triassco-Jurassic region in the Connecticut Valley” a geosynclinal. 

* An address before the American Association for the Advancement of Science. 

2 James D. Dana, Manual of Geology, ist. ed. (1863), p. 722. 


3 James D. Dana, “On Some Results of the Earth’s Contraction from Cooling, 
Including a Discussion of the Origin of Mountains and the Nature of the Earth’s 
Interior,” Amer. Jour. Sci., 3d Series, Vol. V (1873), 423-43. 


4 Ibid., p. 430. 


5 From the Greek—earth and synclinal, it being a bend in the earth’s crust. 
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He also named the Green Mountain region as a one-time geosyn- 
clinal. He attributed the structure to “lateral thrust.”’ 

In 1895,’ Dana altered the term to “‘geosyncline”’ and defined it. 

Ideas on geosynclines have gradually advanced through the suc- 
ceeding years and the existence of such features has been generally 
accepted. Grabau,? in 1921, listed several geosynclines for each con- 
tinent, and Schuchert,’ in 1923, in his exhaustive paper on the sub- 
ject, listed a large number for North America and argued for two 
types of geosynclines: simple and complicated, continental and 
mediterranean (“‘between continents”). In speaking of the conti- 
nental type, he said,‘ ‘In North America the geosynclines all] lie on 
the inner or continental side of the borderlands.”’ 

He also stated,5 “‘“Geosynclines, in the American sense, on the 
other hand, are long and narrow shallow-water inland seas lying 
wholly upon a continent.” 

European geologists consider the geosynclines as elongate oceans 
that are hemmed in by continents and typical ‘“‘mediterraneans.”’ 
Suess, Haug, and Ruedemann showed in their maps that some con- 
tinental types link up with mediterranean types. 

Hall’s original conception confined the geosynclines to continents, 
but Dana,° in 1895, gave them a very elastic use. He said, 

That there were profound geosynclines over the oceanic basin during the 
later Tertiary and Quaternary is put beyond question. .... The Coral Island 
subsidence, announced by Darwin in 1839, recognized such geosynclines. 

In the same text’ he made two other applicable statements: 

Rocky Mountain geosynclines—local geosynclines, or subsidences, com- 
menced over the summit regions of the mountains. The areas of the fresh- 
water lakes, referred to above, were the sinking areas; and the sinking went 
forward with concurrent deposition of beds, until the troughs contained strata 
of Eocene Tertiary 8,000 to 10,000 feet in thickness... . . After these Eocene 
basins ceased to subside, more eastern Miocene and Pliocene geosynclines 
formed. 

* James D. Dana, “Manual of Geology, 4th ed. (1895), pp. 380, 385. 

2A. W. Grabau, Text Book of Geology (1921). 

3 Charles Schuchert, “Sites and Nature of the North American Geosynclines,”’ 
Bull. Geol. Soc. of Am., Vol. XXXIV (June 30, 1923), pp. 151-230. 

4 Ibid., p. 170. © Manual of Geology (1895) p. 937. 


5 Ibid., p. 195. 7 Ibid., p. 365. 
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And, 

The basin! of Lake Superior probably corresponds to a geosyncline as sug- 
gested by T. C. Chamberlin. 

R. T. Chamberlin? believes that the word ‘‘geosyncline’’ should 
be chiefly applied to continental structures rather than oceanic or 
mediterranean, but that fore deeps are genetically similar. Many 
authorities from Dana down to R. T. Chamberlin, G. R. Mansfield, 
and Charles Schuchert, of the present time, assign the origin of these 
structures to lateral pressure. This is the most commonly accepted 
idea—excluding isostasists who explain all secular upheaval and 
subsidence by the well-known principles claimed for isostasy. 

C. K. Leith’ defined a geosyncline as follows, “‘A geosyncline is 
a gentle downwarping.” 

The use of the term ‘‘downwarp” and its relation to “geosyncline”’ 
should next be considered. 

Bailey Willis,4 in his book entitled Geologic Structures, said: 

Warped surfaces are usually broad and of moderate slopes. Thus, Hudson 
Bay, the Mississippian embayment, and the valley of California are typical 
broad downwarps..... 

Downwarps of past ages are usually represented by the strata that accumu- 
lated in them. The Palezoic trough of the Appalachian Province, the Cretaceous 
trough of the Rocky Mountain region, the Mesozoic and early Tertiary trough 
that reached from the Alps to the Himalayas, were all great downwarps. Their 
bottoms subsided many thousands of feet and the depressions were filled with 
strata of corresponding thickness, . . . . great downwarps of this kind are 
called geosynclines..... 

Smaller local upwarps and downwarps are of very general occurrence. The 
upwarps are recognized by rejuvenation of streams and other evidences of ac- 
celerated erosion, whereas the downwarps are basins in which sediments ac- 
cumulate..... 

Since the strata are usually laid down in basins that are continually deepen- 
ing, the bottom layers of a deposit must themselves have subsided and been 
warped. They will have been tilted or have become basin-shaped or trough- 
shaped, although the uppermost strata may be nearly flat. The strata of any 
series are therefore not strictly parallel. .... 

The broad type that is produced during the accumulation of sediments or as 


' Tbid., p. 106. 

2 Oral communication. 

3 Structural Geology (1923), p. 234. 
4 Willis, Geologic Structures (1929), p. 17. 
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a result of regional warping is due to vertical movements, to subsidences, or to 
uplitts..... It is better to call the effects of warping flexures and to restrict 
the terms folding and folds to mechanical disturbances caused by compression. 


In the first edition of the same book," Willis said, 
The term folding is broader than that of warping, which is a deflection due 
to vertical forces, and fold is more comprehensive than upwarp or downwarp. 


Willis? in the 1929 edition, said: 

Subsiding areas are the gathering places of sediments, both continental and 
marine, and the earlier deposits, in course of subsidence and in consequence of 
subsidence, become deeply buried under the later ones. It is demonstrable that 
the earlier beds were practically flat when deposited, that the thicknesses of the 
overlying strata vary greatly over the area of deposition, and that the upper 
surface was also practically flat during and at the close of the process of ac- 
cumulation. There is, therefore, no escape from the conclusion that the older 
formations became flexed or warped during the progress of subsidence and in 
consequence of the vertical attraction of gravity. The structure thus developed 
is, by definition, an incompetent syncline. It is already well recognized as the 
“geosyncline” of Dana. It is not limited in occurrence to continental, marginal, 
or marine areas, and may be represented by the geosyncline of the Alps, by 
that of the Appalachians, by the basins of the Rocky Mountains, by the Valley 
of California, or by the Caribbean deep. 

The use of the word “‘warping”’ in a technical sense seems to have 
been established by W. M. Davis’ in 1883, when he made free use 
of it in several papers. Davis, in 1898, so far as is known, was also 
the first to define ‘“‘warping”’ or “‘warps” and to use these words as 
technical nouns or names for a definite type of structural feature. 
In his Eighteenth Annual Report of the United States Geological Sur- 
vey, he defined warpings thus:4 

Deformations of this class are not called ‘‘folds’” because the dips are, as a 
rule, of moderate amount, and still more because it is not desired to imply that 
lateral compression, acting to produce folds after the manner ordinarily at- 
tributed to such a force, has had anything to do with the disturbance of the 
region. 

On the next page he wrote an entire section on warps.5 

Davis thus presented here a fundamental distinction between 

warping and folding, supported thirty-one years later by Willis, as 


t Ibid., (1923), p. 140. 2 Ibid. (1929), p. 258. 


3 Science, Vol. I (1883), pp. 304-5, 325-27, 356-57, 570. 


‘U.S. Geol. Surv., Eighteenth Ann. Rept., Part II, p. 84. 5 Ibid., p. 85. 
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quoted above. Davis thought the Connecticut Valley to be a “‘warp”’ 
and spoke of the ‘“down-bending of the Triassic trough.’* Dana, it 
will be remembered, mentioned this as one of his type geosynclines, 
as quoted above. Although Davis did not use the work ‘‘downwarp- 
ing” or ““downwarp,” at this date, he spoke of “‘flat warping” and 
“down-bending”’ in describing what is now commonly called down- 
warping. 

Daly,’ in 1905, is believed to have been the first to use the word 
“downwarp”’ as a technical name for a type of structural feature. 
Washburne: called the Snake River depression ‘“‘an almost imper- 
ceptible broad downwarp or syncline.”’ 

In 1918 Barrell,‘ said: 

The recognition of warping as a major factor in the large structure of moun- 
tain systems, and the expression of that factor in the terms “‘geosyncline”’ and 
“‘geanticline” forms a notable advance in geologic thought... . . Since they 
are needed terms for the larger mountain structure and do not require a deter- 





mination of the previous limits of upwarp and downwarp. 

Buwalda,' in 1923, said, in referring to the map area: 

This region is flanked on either side by rugged mountain ranges attaining 
an elevation of 9,000 feet and is believed to have been caused by a huge down- 
warping of the crescent-shaped area for a vertical distance of several hundred 
feet. 

The writer,° in 1924, describing the map area, spoke of a “huge 
downwarping for a distance of several thousand feet,’’ and Piper,’ 
in 1924, said, ““Downwarping and erosion of the series progressed 
into early Pleistocene time.” 

t Ibid., p. 83. 

2 Reginald A. Daly, ‘“The Accordance of Summit Levels among Alpine Mountains; 
The Fact and Its Significance,”’ Jour. Geol. Vol. XIII (1905), pp. 105-25. 

3 C. W. Washburne, ‘‘Gas and Oil Prospects near Vale, Oregon and Payette, Idaho,” 
U.S. Geol. Surv. Bull. 431 (1909), pp. 26-35. 

4 Joseph Barrell, ‘‘A Century of Geology; The Growth of Knowledge of Earth 
Structure,” Amer. Jour. Sci., Vol. XLVI (1918), p. 162. 

5 J. P. Buwalda, “‘A Preliminary Reconnaissance of the Gas and Oil Possibilities 
of Southeastern and South Central Idaho,” Jda. Bur. of Mines and Geol. Pamph. 5 
(1923), p. 2. 

6 Virgil R. D. Kirkham, “Oil Possibilities and Drilling Activities in South Idaho,” 
Ida. Eng., Vol. II, No. 1 (December, 1924), p. 11. 

7 Arthur M. Piper, ‘“‘Geology and Water Resources of the Bruneau River Basin, 
Owyhee County, Idaho,” Jda. Bur. of Mines and Geol. Pamph. 11(1924). 
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As has already been stated, the name “Snake River downwarp”’ 
was applied to the depression in a publication,’ in January, 1927, and 
listed as a section heading for that paper. The writer believes this 
use, in a specific sense, is as fully justified as is the use of geosyncline 
for the Appalachian trough. The word “‘downwarping”’ has recently 
come into general use in papers by structural geologists and has 
been used extensively by R. T. Chamberlin, Bailey Willis, C. K. 
Leith, G. R. Mansfield, and others. 

The writer suggests that subsiding areas, all of which may be 
genetically similar and products of secular subsidence, may be classi- 
fied under four heads: 

1. Geosynclines, located on continents, relatively lineal and nar- 
row, generally marginal, progressive sinking, and deposition of 
marine shallow-water and terrestrial sediments. Type—Appala- 
chian geosyncline. 

2. Mediterraneans, located close to, and between contiguous con- 
tinents, relatively irregular; deposition chiefly deep-sea rather than 
shallow-water sediments accumulating slowly. Type—Mediterran- 
ean Sea. 

3. Fore deeps, located in oceans, relatively lineal and narrow, 
mostly marginal, deposition not shallow-water but deep-sea sedi- 
ments accumulating slowly. Type—Tuscarora deep. 

4. Downwarps: (a) Continental, located on continents, may have 
any orientation, relatively irregular or basin-shaped, progressive 
sinking and deposition of terrestrial sediments with or without ex- 
trusion or intrusion of lava sheets. Type—Snake River downwarp. 
(b) Oceanic, located in oceans far from continents, may have any 
orientation relatively irregular or basin-shaped, deposition slight, 
with or without extrusion of lava. Type—Cape Verde basin. 

DEVELOPMENT OF THE ““SUBSIDENCE”’ IDEA FOR THE 
SNAKE RIVER DOWNWARP 

King,’ in 1878, said: 

Severe crumpling, as already mentioned took place, and the mountainous 
country east from the eastern boundary of Pah-Ute Lake, which must have been 
on the meridian of 117°, became depressed so that the lake, at the beginning of 


t [bid. 
2 Clarence King, U.S. Geol. Expl., Fortieth Par. Rept., Vol. 1 (1878), pp. 412, 440. 
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the Pliocene deposition, stretched from the base of the Sierra Nevada to the 
base of the Wasatch, making a surface of eight degrees of longitude. The 
northward extension of this lake must have been far up the Upper Columbia 
River, while its southward extent is at present unknown. For this lake, occupy- 
ing the whole breadth of the present Great Basin and parts of Idaho and Oregon, 
I propose the name Shoshone Lake. 


Further on, he said:" 


The entire Great Basin area sank and became the receiver of the waters of 
an enormous lake, covering much of Nevada, Idaho, eastern Oregon and a part 
of California. The feature of general gentle subsidence and enlargement of lake 
area is common to the eastern and western post-Miocene disturbance. 


From these statements it is clear that the first geologist in the 
region recognized it as a depressed area and a site of extensive lacus- 
trine deposition. In speaking of the tilted and warped attitudes of 
the beds in the area, he said further:? 

At the close of the Pliocene the last prominent dynamic events occurred. 
Both in the region of the eastern and western Pliocene lakes, wide areas were 
thrown into the attitude of inclined planes without either fault or fold... . . 
This wide inclined tilting of sheets was executed without a fault or a rupture. 


These statements indicate that he believed the disturbance to be 
very gentle and not connected with faulting. 

Lindgren’ described this depression thus: 

The Snake River Valley stretches across the whole width of southern Idaho 
in a broad curve opening toward the north and having a radius of 160 miles. 
The length of the valley from the base of the Tetons to Weiser, where the river 
enters into a narrow canyon, is over 400 miles, while its width ranges from 50 to 
125 miles. Its total area being about 34,000 square miles. ... . On both sides 
of this valley rise higher ranges, chiefly of granite in the lower valley, of granite 
and Paleozoic and Mesozoic rocks in the upper valley. The lower slopes of these 
ranges are often flanked by Tertiary lake deposits. The larger part of the valley 
is occupied by vast flows of basalt, frequently resting upon and covered by 
fluviatile and lacustrine accumulations contemporaneous with the flows... . . 

The mountains of older rocks surrounding the tectonic trough of the Snake 
River rise gradually, on the north side of the river... . . 

Before the beginning of the Neocene the chief features of the topography 
were outlined—the broad uplift of the Boise Mountains and the depression of 


* Ibid., p. 756. 


3 Waldemar Lindgren, ‘“‘Mining Districts of the Idaho Basin and the Boise Ridge, 
Idaho,” U.S. Geol. Surv., Eighteenth Ann. Rept., Part III (1898), pp. 625-736. 
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Snake River Valley. The latter is not unlikely a sunken area separated by old 
fault lines from the mountains to the north. At that time the basalt flows and 
lake beds did not exist. . . . . Thus the time immediately preceding that from 
which the first records date was one first of uplift and subsidence; second, one 
of long-continued erosion, during which the Boise Mountains were dissected 
and the débris from the excavated canyons deposited in the basin of the Snake 
River Valley. 

He made it clear that he believed the basin to have been formed 
by faulting before the basin beds were deposited in a lake which he 
called Lake Payette, whose highest level was placed at 4,200 feet 
because that was the highest point where he found lake-bed rem- 
nants. He believed the beds to have today essentially the positions 
and elevations of their deposition, regarding the slight dips noted 
at places in the lake beds as essentially initial dips, caused by de- 
position on a sharply sloping surface.* Lindgren,’ in 1904, said: 

During early Tertiary time the valley must have formed a broad and deep 
depression, north of which the mountains of central Idaho rose with an abrupt 
scarp, very probably due to faulting. Toward the south rose narrow, isolated 
mountains, like the Owyhee Range, with abrupt, deeply eroded outlines and 
with the general trend and character of the desert ranges of the Great Basin, of 
which, in fact, they are the most northerly outliers. The whole indicates an 
early Tertiary or pre-Tertiary fault differentiating the central Idaho mass from 
the area of fractured and dislocated blocks lying farther south. ... . No lava 
flows had yet covered the eroded flanks of the granite mountains. .... It 
probably follows that a large part of this region has been depressed since the 
eruption of the lava, for the depth of the valley sediments near Weiser (eleva- 
tion, 2,100 feet), as proved by borings, is more than 1,200 feet..... Even 
assuming that the above figure represents the deepest point of the valley (which 
is not probable) it would place the bottom only 1,000 feet above sea level. 

It is clear from the foregoing statement that Lindgren believed 
the depression to be due to faulting and to have been formed prior 
to the extrusion of the Columbia River basalts and deposition of 
any lake beds. Although, in 1898, he saw no evidence for disturb- 
ance or subsidence after the deposition of the lake beds, he recog- 
nized, by 1904, that subsidence on a small scale may have occurred. 

* Waldemar Lindgren, “Description of the Boise Quadrangle,” U.S. Geol. Surv. 
Geol. Atlas Folio 45 (1898), p. 3. 


2 Lindgren, ‘Descriptions of the Silver City Quadrangles,” U.S. Geol. Atlas Folio 
104 (1904), p. I. 
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The writer’ described the downwarp for much of its area in south- 
sastern Idaho in January, 1927, as follows: . 


The great structural depression which lies in the southeastern half of the 
mapped area extends beyond the boundaries to the east and the southwest. It 
is now partly occupied by the Snake River lavas and the interbedded gravels 
and lake beds. The assumed axis of this trough extends from a point on the 
map edge directly south of Mud Lake northeasterly to Camas thence in the 
direction of Camas Creek northeastward. The Plain region at its widest part 
in the mapped area is about 50 miles across, not counting the wide valley re- 
entrants. Its average width, in the area, measured at right angles to the axis, 
is nearly 45 miles. 

As has been described under physiographic development, the outline and 
extent of this structural depression is marked by the Pliocene (?) acidic lavas 
(described under igneous rocks as Tertiary Late Lavas) and interbedded con- 
tinental deposits. 

These acidic lavas and associated interbedded continental sediments, as has 
already been mentioned, dip gently toward the edge of the plain, on all sides. 
Figs. 2 and 3 are sections showing the relationships existing from Medicine 
Lodge Creek to Henry’s Fork along the northern edge. The structural relief 
here is often as much as 4,000 feet. In other parts of the plain area, especially 
along the east and southeast, the relations are the same but the relief is less 
(see photographs A and B, Plate I). 

A slope of 4 to 5 degrees represents the angle of dip about the periphery of 
the Plain. At many places on the southeastern edge of the Plain the lava rises 
less than 2,000 feet above it on the noses of the ranges and to a lesser distance 
in the intervening structural valleys. How far these acid lavas continue their 
dip beneath the Snake River basalt is of course conjectural but in a structural 
valley whose average width is 45 miles a great vertical distance might be reached 
before flattening out takes place. To assume that the acidic series lies more 
than 2,000 feet deep in the center of the Plain, in this area, would not seem un- 
reasonable. A distance twice this great is not unthinkable. 

It is believed that the subsidence which took place in these relatively flat- 
lying widespread acid lavas was accompanied by an upward tilting of the re- 
gions adjacent to the area. This expression to the north is represented by the 
Centennial Range geanticline or uplift whose axis parallels the topographic axis 
of the Centennial Range. It gradually dies out as it extends westward across 
the Beaverhead, Lemhi, and Lost River ranges and their intervening valleys. 

Although upward movement was exerted southeast of the Plain, it was from 
several hundred to a few thousand feet less than that north of the Plain. Some 

* Virgil R. D. Kirkham, ‘‘A Geological Reconnaissance of Clark and Jefferson and 
Parts of Butte, Custer, Fremont, Lemhi, and Madison Counties, Idaho,” Jda. Bur. of 
Mines and Geol. Pamph. 19 (January, 1927), pp. 24, 25, 26. 
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possible physiographic effects of the subsidence and complementary uplifts are 
discussed under the section on physiographic history. 

It must be understood that in using the expression “downwarp”’ the writer 
does not mean to infer that minor faulting or small step-faults did not occur. 
It would seem a physical impossibility to move any widespread rigid sheet 
of material, which was so thin in comparison to its extent, without causing minor 
breaks and displacements. 

Step-faults and slumpings of a few feet displacement should be abundant, 
but great block faults with several hundred feet displacement need not neces- 
sarily be assumed in this part of the Plain. No doubt, breaks of some magnitude 
occurred in the bottom of this depression. From these probably exuded the 
Snake River basalts along rifts now represented by chains of cones. These, 
however, at every place studied are more common near the center of the Plain 
than near the edges where they would be if great block faults formed the Plain 
borders. Only two hot springs lie within 25 miles of the Plain borders and these, 
located at Heise and Lidy Hot Springs, are associated with older major moun- 
tain faults which approach the Plain edge at a right angel. 

In brief, the evidence, here as well as elsewhere, points overwhelmingly to a 
gently folded syncline of great proportions accompanied on either flank by a 
corresponding and complementary uplift. This appears to have been greatest 
to the north where an anticline much less in length and width was formed con- 
temporaneously. The age of this movement was later than the Tertiary Late 
Lavas which are assigned a Pliocene (?) age on the strength of their relationship 
with the Salt Lake formation. 

The writer,’ in 1928, said, “the axes of the folds invariably plunge 
to the southeast down the flanks of the Snake River downwarp.” 

Bryan,’ in 1929, said: 

The first earth movement recorded in this area is the slight deformation 
that arched a ridge prior to the deposition of the Payette and Idaho formations. 
It seems likely that the production of this ridge was only a minor feature of a 
much larger disturbance by which the Snake River region on the north was 
carried below the volcanic plateaus on the south. Certainly at Ontario, 30 
miles north of this area, the thickness of the Payette and Idaho formations is 
more than 4,000 feet, as shown by the log of a deep well, and only 8 miles north 
a well 1,140 feet deep has been drilled without striking the basalt. . . . . This 
structure also is only one of the minor results of the greater movement by which 
the Snake River Basin was carried below the plateaus of southeastern Oregon 
and southern Idaho. 


* Virgil R. D. Kirkham, “A Brief Preliminary Report on the Possibilities of an 
Underground Water Supply for the City of Weiser, Idaho,” Jda. Bur. of Mines and Geol. 
Pamph. 29 (June, 1928). ; 

? Kirk Bryan, ‘‘Geology of Reservoir and Dam Sites with a Report on the Owyhee 
Irrigation Project, Oregon,” U.S. Geol. Serv., Water-supply Paper 597 A (January, 
1929) p. 56. 
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The Payette beds of which he speaks are included in the Idaho 
beds of the writer in a recent paper.’ 

A review of all the publications describing this depression shows 
that in 1878 King,” as a result of his hurried reconnaissance of this 
region, believed that the area had subsided without violence, de- 
veloping gentle dips in the lavas and the lake beds. 

Lindgren, in 1898 and 1904,’ conceived the basin to have been 
formed by a series of immense faults previous to the deposition of 
the lake beds and lavas. He believed that uplift to the north was as 
effective as the downfaulting in creating the present relief. Dips in 
the basin lake beds were regarded as depositional. He thought the 
mountains to the north were separated from the basin by an abrupt 
scarp. This misconception was due to the fact that the relatively 
soft, dipping basin-beds have been truncated during two periods of 
lateral planation, and the tilted and uplifted granite surface to the 
north now presents a notable relief, visible at great distances. Ac- 
tually, however, this “abrupt scarp’”’ has a slope to the basin beds 
of about 8°, and the truncated basin beds and lava flows, before 
erosion, rested on this surface as shown in a previous paper on 
physiographic history.® 

The Owyhee Mountains, whatever may be the structure in the 
older rocks, now represent an anticline or arch in the Columbia 
River lavas and the Owyhee rhyolite which dip away from its axis 
into the downwarp on the north and northeast and also to the 
southwest, and northwest. This indicates anything but basin-range 
structure, and no basin ranges lie within the map area. 

Lindgren® later revised his opinion to include some depression 
after the deposition of the lake beds and extrusion of the lava. 

Virgil R. D. Kirkham, ‘Revision of the Payette and Idaho Formations,” Jour. 
Geol., Vol. XX XIX, No. 3 (1931), pp. 193-239. 

2 King, op. cit. 

3 Lindgren, ‘‘Mining Districts of the Idaho Basin and the Boise Ridge Idaho,”’ of. 
cit., pp. 625, 3. 

4 Lindgren, ‘Descriptions of the Silver City Quadrangles,” op. cit., p. 1. 

5 Virgil R. D. Kirkham, ‘Old Erosion Surfaces in Southwestern Idaho,” Jour. Geol., 
Vol. XXXVIII (1930), pp. 653-58. 

6 Waldemar Lindgren, and N. F. Drake, “Descriptions of the Nampa Quadrangle,”’ 
U.S. Geol. Surv., Geol. Atlas Folio 103 (1904). 
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Russell,’ in 1902, followed Lindgren closely but recognized the 
plains as a depressed area; he also believed the depression to have 
been formed prior to the deposition of the lake beds and the extru- 
sion of the lavas. Part of the depression he assigned to erosion by 
a large river, but more of it to normal faulting on a large scale. The 
faulted areas which he presented as evidence are in the uplifted 
intermontane regions north of the downwarp and comparatively re- 
mote from the basin proper. The lavas on the high ridge at the 
north line of Gooding County lie at an altitude of 6,800 feet, and 
from there the rhyolite flows dip steeply at from 12° to 15° south- 
ward to the plains where they dip under the later Snake River basalt. 
Russell noted this dip to the plains from Clover Creek to Ada Coun- 
ty, and recognized it as part of an area warped with the axis along 
the valley. In 1903? he wrote at length of this structural warp, de- 
scribing the in-dipping beds in the Lewis artesian basin, and extend- 
ing the length of the downwarp into Malheur County, Oregon. He 
had apparently recognized, by 1903, that faulting was not the major 
influence in developing the basin, since he failed to mention it in 
his text when describing conditions in the basin beds. Washburne? 
recognized the depression as a downwarp and noted the lack of 
faulting and folding. He was, however, in error in believing the 
syncline to terminate on the east against the Boise Mountains. 
Nearly all of his reconnaissance was in Oregon where the axis of the 
downwarp is nearly east and west; the axis in Idaho instead of 
terminating, merely changes direction and trends southeast and 
northwest (see Fig. 1). It changes again at Hammett and Glenns 
Ferry and runs northeast and southwest to Yellowstone National 
Park. Washburne noted the steep dips near the mountains and the 
increasingly lower dips farther out in the plains. 

Buwalda,‘ in 1921 and 1923, described the downwarp in its true 

tT. C. Russell, ‘Geology and Water Resources of the Snake River Plains of Idaho,” 
U.S. Geol. Surv. Bull. 199 (1902). 


21. C. Russell, “Preliminary Report on Artesian Basins in Southwestern Idaho and 
Southeastern Oregon,” U.S. Geol. Surv. Water-Supply Paper 78 (1903). 


3C. W. Washburne, “The Marine Sediments of Eastern Oregon,” Jour. Geol., 
Vol. II (1903), pp. 224-290. 

4J. P. Buwalda, “Oil and Gas Possibilities of Eastern Oregon,” Ore. Bur. of Mines 
and Geol., Vol. III, No. 2 (1921); “A Preliminary Reconnaissance of the Gas and Oil 
Possibilities of Southeastern and South Central Idaho,” of. cit. 
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light, and understood the full significance of the evidence presented. 
The writer accompanied Buwalda on his 1920 reconnaissance of 
southwestern Idaho and at once accepted his conception of the 
downwarp as a sinking area from the incontrovertible evidence pre- 
sented in the field. Reconnaissances by the writer, in southern and 
southwestern Idaho during 1921-25, showed that the same solution 
applied equally well to the rest of the depression. Ten weeks field 
work, on the eastern part of the downwarp in 1926, showed that at 
every place the rhyolite, called ““Tertiary Late Lavas”’ by the writer," 
dipped in toward the axis of the downwarp. Erosion in the Snake 
River basalt shows that the rhyolite underlies it in the plain area. 
Eight weeks in the downwarp region, in 1927, served to link up the 
southwestern section and the southeastern section, and made clear 
that the downwarp was a continuous structural feature from Yel- 
lowstone National Park to Vale, Oregon, which was flanked on each 
side by practically parallel gently folded arches. 

Work by Piper,” in 1924, and by Piper and the writer,’ in 1926, 
served to confirm earlier reconnaissances of the writer for southern 
and southeastern Idaho. In all, the writer spent twenty-six weeks 
in the field on the map area, and approximately twenty-seven weeks 
: in field work on the downwarp outside the map area, in connection 
with economic investigations. 

EVIDENCE OF DOWNWARP 

Field evidence is sufficiently strong for every worker in the field 
to recognize that the Snake River plain area is a “ 
“trough,” 
warp.” 

The formations which obviously take part in the downwarp in 
southwestern Idaho are in order of their age: the lower series of the 
Columbia River basalt of Miocene age, the terrestrial Payette for- 
mation of Middle and Upper Miocene age, the upper series of the 
Columbia River basalt of Upper Miocene age, the Owyhee rhyolite 


subsidence,” 
“depression,” “syncline,” “fold,” “warp,” or “down- 


«Op. cit. 

2 Arthur M. Piper, ‘‘Geology and Water Resources of the Bruneau River Basin, 
Owyhee County, Idaho,” of. cit. 

3A. M. Piper and Virgil R. D. Kirkham, ‘Groundwater for Municipal Supply at 
Idaho Falls, Idaho,’ Idaho Bur. of Mines and Geol., Pamph. 16 (1926). 
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of Upper Miocene or Lower Pliocene age, the terrestrial Idaho for- 
mation of Pliocene and Pleistocene age, the terrestrial Upper Mesa 
formation of Pleistocene age, the Snake River basalt of Pleistocene 
age, and the terrestrial Lower Mesa formation of Pleistocene age. 

In southern and southeastern Idaho, the Columbia River basalt is 
absent. The Salt Lake formation commonly described as of Pliocene 
(?) age lies in the same position in relation to the rhyolite as does the 
Payette formation in southwestern Idaho, and, although no defini- 
tive flora or fauna from it has as yet been determined, it may even- 





Fic. 2.—Looking southeast along the strike of the Idaho lake beds which dip south- 
west to the downwarp axis near Alkali Creek on the north side of the downwarp. 


tually prove to be contemporaneous with the Payette formation. 
The extensive rhyolite series of southern and eastern Idaho which 
takes part in the downwarp is the same for the most part as the 
Owyhee rhyolite of southwestern Idaho. The Idaho formation over- 
lying this rhyolite extends as far east as Buhl. Several isolated de- 
posits of gravels and clays which overlie the rhyolite and which 
underlie, or are interbedded with, the Snake River basalt may be 
contemporaneous with the Idaho formation in southeastern Idaho. 
The Snake River basalt in southeastern Idaho is chiefly Pleistocene 
in age, but some of the lower flows, which are now buried, may be 
Pliocene in age. 
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The evidence, much of which has been given in detail in a former 
paper’ consists of tilted or dipping lava flows and lake beds (see 





Fic. 3.—Idaho lake beds dipping gently to the downwarp axis from the south side. 
These are characteristic of the upper members. 











Fic. 4.—Idaho beds in the Weiser quadrangle dipping southwest to the axis of the 
downwarp. 


Figs. 2, 3, 4, 5, and 6). In the map area (see Fig. 6) the Columbia 
River basalt lies on both sides of the downwarp and dips toward the 
‘ Virgil R. D. Kirkham, ‘Revision of the Payette and Idaho formations,” op. cit. 
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axis (see Figs. 7, 5, 8, 6, 9). The Owyhee rhyolite lies on both 
sides of the downwarp and dips toward the axis also (see Figs. 7, 
8, 6). The Payette formation lies on both sides of the downwarp 
and dips toward the axis (see Figs. 7, 8, 6). The Idaho formation 
lies in the present basin area and the lowermost members dip toward 
the axis (see Figs. 7, 8, 6 and Figs. 4, 10). Higher members dip 
toward the downwarp axis at lower angles and so on (see Fig. 2) 
until the upper members in the central part of the basin lie in an 
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Fic. 5.—Payette beds under the upper series of Columbia River basalt in Linson 
Valley. 
almost horizontal position (see Figs. 7, 8). The Upper and Lower 
Mesa formations and the erosion flats upon which they lie dip at 
slight angles toward the downwarp axis, as described in a former 
paper.’ All dips in the Idaho formation were secured by plane- 
table sections crossing the strike of the beds. These were carefully 
ascertained in order to detect the very gradual change of dip. The 
old pre-Columbia River basalt peneplain on the granite also dips 
toward the downwarp axis from each side of the plain, as previous- 
ly described. That the lake beds were nearly horizontal when de- 
posited is indicated by the bedding planes, ripple marks, and char- 
acter of the cross-bedding. Thin, but widespread, ash beds, diatomite 
* Virgil R. D. Kirkham, “Old Erosion Surfaces in Southwestern Idaho,” op. cit., 


pp. 652-63. 
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beds, and carbonaceous seams deposited in flat-lying positions are 
now tilted at angles too high to be depositional. 

As shown in a former paper,’ the dips indicate a thickness of more 
than 18,000 feet of Idaho formation alone; beneath these beds lies 


























GEOLOGIC STRUCTURE 
SECTIONS 
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VERTICAL ARO HORIZONTAL SALT EQUAL 
wma. 0 ne 
Fic. 7.—M p> is the Payette formation, Pr is the rhyolite series, Pi is the Idaho 
formation, P/m is the Lower Mesa formation, and Pum is the Upper Mesa formation. 
Mb is Columbia River basalt. 


the Owyhee rhyolite which is over 1,900 feet thick at places south 
of the plain and 700 feet thick north of the plain. Underlying the 
rhyolite is a variable thickness of Columbia River basalt which aver- 
ages 2,000 feet in thickness south of the plain and attains thicknesses 
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tion, Pr is the rhyolite series, Mp is the Payette formation. 
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much greater north of the plain; interbedded with this are goo or 
1,000 feet of Payette formation (see Figs. 11, 5, 12, 9). 

That these formations extend beneath the plain’s area is strongly 
suggested by their presence on both sides and their relations to each 





Fic. 9.—Looking north on Little Squaw Creek at the Owyhee rhyolite overlying 
the Payette lake beds in the middle, and Columbia River basalt underlying the Payette 
in the foreground. 





Fic. 10.—Idaho beds in the Nampa quadrangle overlying the rhyolite and dipping 
toward the downwarp axis to the northeast. Note the irregular surface of the rhyolite 


projecting through the lake beds. 


other and the Idaho formation. The sections of Owyhee rhyolite 
and Columbia River basalt, exposed on each side, have suffered 
much erosion before and since the deposition of the Idaho and may 
not represent their original thicknesses. A compilation of these 
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thicknesses suggests that the pre-Columbia River basalt peneplain 
may have been downwarped to a point between 19,000 and 21,000 
feet below sea level. A well at Ontario, Oregon, actually passes 





Fic. 11.—Payette beds dipping under the Owyhee rhyolite cap toward the down- 
warp. The small patch of rhyolite on the right has slumped from the main mass. 





Fic. 12.—Looking northeast at the Payette formation in the Silver City quadrangle, 
dipping northeast under the Owyhee rhyolite which caps it. 


through the Idaho formation to a point 2,300 feet below sea level, 
and has not entered the Owyhee rhyolite which should lie below. 
Under this should be the Payette formation and the Columbia River 
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basalt. If the well should enter rhyolite at once, which is unlikely, 
and these formations are present with thicknesses comparable to 
those now exposed on the flanks, the minimum depth at Ontario, 
for the granite peneplain, would be over 7,000 feet below sea level. 
Although terrestrial deposits are now accumulating in regions below 
the present sea level, as in Death Valley, California, it seems unlike- 
ly that accumulations such as those represented by the great thick- 
nesses of the Payette and Idaho formations could have been formed 
in such a situation. It is reasonable to infer that the present position 
of these formations, far below sea level, is due to subsidence which, 
in this case, occurred by downwarping. 

In all parts of the downwarp the lavas dip toward the axis as they 
do in the map area. This area, however, affords evidence, because 
of the continuous deposition of the lake-bed and terrestrial sedi- 
ments, of the steady and progressive sinking of the area. In the 
regions where the lavas welled forth rapidly with great time inter- 
vals between extrusions, the downwarping is equally obvious, but 

no measure of its progress is at hand. Thus in eastern Idaho the 
‘ rhyolite is notably tilted, but the intervening time interval before 
the extrusion of the Snake River lava was apparently so great that 
the latter overlies the rhyolite at most places with angular uncon- 
formity. This may not be true of earlier flows now buried, but the 
present surface flows at the edge of the basin are practically hori- 
zontal and abut against the warped rhyolite dip slopes. 

Outside the map area the rhyolite and the interbedded or under- 
lying Salt Lake formation of Pliocene (?) possibly Upper Miocene 
(?) age are the key formations indicating the downwarping. These 
were certainly deposited and extruded nearly horizontally and now 
lie in an unbroken fringe around the northeast, east, southeast, and 
south flanks of the downwarp. The rhyolite and interbedded Salt 
Lake formation dip toward the downwarp axis at angles varying 
from 5° to 20°. 

The acidic lava series called “Tertiary Late Lavas,”’ originally 
had a widespread occurrence and extended over the Snake River, 
Caribou, Blackfoot, Goose Creek, and Sublette ranges and many 
others as well. These ranges have been notably uplifted vertically 
since the extrusions of these flows and the lava now dips away from 
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the tectonic axes. These ranges are folded anticlinoria and thrust- 
fault slices which form definite, nearly parallel, units of the Rocky 
Mountain structure. The age of the folding is chiefly post-Lower 
Cretaceous,’ and most of the thrust-faulting is certainly pre-Eocene. 
During Pliocene times these ranges were tilted and now plunge be- 
low the acid lavas and Snake River basalt, where the downwarp 
crosses them. The acidic lava on these ranges is found at elevations 
as high as 8,800 feet. The same flows dip under the basalt of the 
plain in a distance of less than 10 miles at an elevation of 4,500 feet 
above sea level. The acidic lava extends far up the synclinal de- 
pressions parallel to the tectonic axes of the mountains. At several 
places it extends 20 miles farther back from the basalt of the plains 
than it does on the summits of the ranges from which most of it has 
been removed by erosion. Whether in troughs between ranges or on 
the noses, the acidic lava always dips under the basalt of the plains. 
Erosion by the South Fork and North Fork of Snake River shows 
that it underlies the basalt far out in the plain. That the dip of the 
acidic lava is not the angle of flow is indicated by the interbedded 
sediments and tuffs and ash beds of the Salt Lake formation which 
were deposited nearly horizontally but now dip concordantly with 
the rhyolite. 

Evidence that the rhyolite underlies the basin-filling of Snake 
River basalt is found at many places where the Snake River has cut 
through the basalt, as at Shoshone Falls, Big Falls, or American 
Falls. 

From Birch Creek to a point west of Hailey, on the north side 
of the downwarp, occur a series of ranges of thrust slice-blocks such 
as Beaverhead, Lemhi, and Lost River ranges. These ranges, like 
those on the south, intersect the downwarp at a high angle and like 
them, plunge beneath the rhyolite which, in turn, dips under the 
basalt of the plain. The acidic lava fringe has been removed by 
stream erosion from the valleys between the ranges, but remnants 
still remain on the nose of each range. At some places the plunge 
of the range reaches an angle of 7°. This amount of tilting is similar 
to that recorded by the peneplain on the granite in the map area. 

‘Virgil R. D. Kirkham, ‘‘Geology and Oil Possibilities of Bingham, Bonneville, 
and Caribou Counties, Idaho” Jda. Bur. of Mines and Geol. Bull. 8 (1924). 
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It is thus clear that the downwarp crosses the tectonic axes of the 
main ranges of the Rocky Mountains in southeastern Idaho. These 
ranges have been tilted bodily, and now plunge to the downwarp 
axis from each side. 

Another curious proof of the warping exists in southeastern Idaho. 
More than a dozen old cones, from which the rhyolite was extruded, 
still exist on the tilted rhyolite slope which surrounds the downwarp. 
As one would expect, all of these cones now stand perpendicular to 
their warped base and markedly tilt toward the valley. For further 
substantiating details concerning the evidence outside the map area 
the reader is referred to several former papers of the writer.’ 


CAUSE OF DOWNWARPING 


That the downwarp is a result of vertical subsidence due to deep- 
seated flowage or adjustment of magma rather than a result of com- 
pressive forces, is strongly supported by the fact that the downwarp, 
for half of its length, is superimposed on the westernmost ranges of 
the Rocky Mountain system in a direction practically normal to 
their tectonic axes. Proof of this superimposition lies in the fact that 
great overthrust faults, anticlinoria, and tectonic axes all plunge be- 
neath the downwarp axis on each side. 

Subsidence due to the removal of underlying supporting elements, 
could have accomplished this phenomenon, but it hardly seems con- 
ceivable that compressive forces, applied normal to the downwarp 
axis and parallel to the tectonic axes, would not have been expressed 
in arching or vast lateral or strike movements along the planes of 
the long and essentially parallel overthrust faults rather than in 
subsidence. 

At no place along the downwarp was the warping initiated until 
after the extrusion of the thick and widespread Columbia River 
basalt series and the equally widespread but less thick series of 
acidic flows called the Tertiary Late Lavas. 

It seems possible that the extrusion of both of these lava series 
over the area now occupied by the downwarp and adjacent areas 
may have caused a diminution of the underlying support of a con- 
siderable area which resulted in the initiation of subsidence. The 
* Bull. 8, and Pamphs. 16 and 19, Ida. Bur. of Mines and Geol., Moscow, Idaho. 
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accumulation of sediments and lavas in this incipient depression 
undoubtedly contributed to further subsidence, as did other factors. 


SUMMARY 

The widespread, relatively thin sheet of rhyolite lava called 
“Tertiary Late Lava’ and represented by the Owyhee rhyolite in 
the map area, is everywhere affected by the downwarp or the uplift 
in the adjacent regions. The Rocky Mountain ranges on either side 
of the downwarp plunge toward the downwarp axis which crosses 
them normal to their tectonic axes. In the western part of the down- 
warp, thousands of feet of sediments collected gradually with the 
continued sinking. In the eastern part were extruded great thick- 
nesses of Snake River basalt, which partially filled the depression. 

The downwarp being apparently a region of structural weakness 
probably has faults or rifts in its bottom and sides. At some places 
the smooth, warped dip slopes are broken by small discontinuous 
faults; these usually are expressed in lavas underlain by soft, rela- 
tively unconsolidated lake beds and result from compaction, slump- 
ing, and spalling, and are technically landslides. No faults approach- 
ing the magnitude of those of the Basin Ranges or the north and 
south fault-block ranges, which occur north and south of the down- 


warp in Idaho, occur, bounding the plains area, as postulated by 
Lindgren and Russell. Stratigraphic and structural units and phy- 
siographic surfaces have been correlated with certainty across the 
downwarp and this indicates their probable existence below the 
present plain surface at great depths. 

















CRETACEOUS LIMESTONE IN BRITISH HONDURAS 


ROY E. DICKERSON 
AND 
NORMAN E. WEISBORD 


ABSTRACT 

The same rudistid-bearing Cretaceous limestone of Northern Guatemala extends 
into British Honduras south of the Cockscomb Mountains. The limestone is well dis- 
played several kilometers northwest of the small kato of Agua Caliente in British Hon- 
duras, on the trail between Punta Gorda (Honduras) and San Luis (Guatemala). 

During a reconnaissance in the spring of 1928 the writers crossed 
a portion of British Honduras as they emerged from the El Petén 
region of Guatemala. The route extended from Coban, in the state 
of Alta Verapaz (Guatemala), northward to Flores, on Lake El 
Petén, via Chisec, Sayaxché, and La Libertad; then somewhat east 
of south to San Luis and from there into British Honduras to Punta 
Gorda on the East Coast. On this traverse the same rudistid-bear- 
ing Cretaceous limestone which is widely exposed in Guatemala was 
found to extend well into British Honduras. The limestone is so 
faunally characteristic that its occurrence in the colony is worthy 
of attention, particularly since Ower' in his concise summary of the 
geology of the area does not mention its presence. 

The general extent and character of the Cretaceous formations 
in Guatemala are known principally through the works of Sapper.’ 
These formations consist of massive limestones, dolomites, calcare- 
ous conglomerates, and breccias. The conglomerates appear to oc- 
cur in the upper part of the series and are composed of pebbles of 
Cretaceous limestone and chert imbedded in a calcareous matrix. 
Usually members of the Cretaceous contain poorly preserved but 
abundant remains of rudistids of which Sphaerulites and Barrettia 
appear to be the most common. The limestones carrying this fauna 

* L. Ower, ‘‘Geology of British Honduras,” Jour. Geol., Vol. XXXVI (1928). 

2C. Sapper, ‘‘Die Alta Verapaz (Guatemala),” Mitt. Geog. Gesell., Vol. XVII 
(1901); “‘“Grundziige der physikalischen Geographie von Guatemala,” Pelerm. Mitt., 
Erginz. XXIV (1894-95); ‘“‘Uber Gebirgsbau und Boden des nérdlichen Mittel- 
amerika,” ibid., XX VII (1899); XXXII (1906). 
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CRETACEOUS LIMESTONE IN BRITISH HONDURAS = 485 


are mostly hard, massive, in places cavernous, and usually sugary- 
textured or crystalline. The color varies from light yellow (Chiktok) 
to gray (La Libertad), white (south of San Luis) and even black 
in the vicinity of Cahabén in the state of Alta Verapaz. Lithologi- 
cally they resemble superficially some of the overlying Tertiary lime- 
stones, but are readily distinguished from them by their fossils when 
such are present. The thickness of the Cretaceous is estimated by 
Sapper to be about 2,500 feet. The vertical distribution of the rudis- 
tids in the Cretaceous of Guatemala is not known, but the wide- 
spread prevalence of these forms would seem to indicate that they 
occur as aggregates throughout a considerable portion of the section. 
It is believed that these aberrant pelecypods are probably Middle- 
Upper Cretaceous in age. 

In Central Guatemala, north of Coban, the Cretaceous overlies 
the non-fossiliferous Coban limestone, the age of which is not defi- 
nitely known. Farther to the north it is in turn overlain by cream- 
yellow, finely-textured limestones of the Tertiary. At various places 
between Chisec and Sayaxché the Tertiary limestones are associated 
with chert and siliceous replacements, and sometimes contain for- 
aminifera. It is the impression of the writers that perhaps several 
ages of the Tertiary are represented in the materials overlying the 
Cretaceous but there was not sufficient time to work out this 
problem. 

North and south of La Libertad remnants of rudistid limestone 
protrude through the savannahs in a belt some 25 kilometers wide. 
This subdued uplift is flanked on the north by the extensive Tertiary 
deposits which comprise the vast limestone plain of Quintana Roo, 
Campeche, and the Yucatan Peninsula in Mexico. 

Although not much is known about it, the Cretaceous of British 
Honduras has been previously recognized by several writers. Sapper" 
and Willis? recognized and mapped it in Guatemala and Southern 
Honduras. Reed’ in a résumé of the stratigraphy of the colony 
states that “only fragments of Rudistidae have so far been found 


1 C. Sapper, ‘Uber Gebirgsbau und Boden des nérdl.chen Mittelamerika,” ibid. 
2B. Willis, “Index to the Stratigraphy of North America,” U.S. Geol. Surv. Prof. 
Paper 71 (1912). 
3F. R. C. Reed, Geology of the British Empire (1921), p. 195. 
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in British territory’ in limestones and bituminous dolomites of 
Cretaceous age south of the Cockscomb Mountains. In view of this 
knowledge it is surprising that Ower' should doubt the presence of 
the Cretaceous, and it is the writers’ desire to reaffirm definitely 
that it does exist. 

In Honduras proper rudistid limestone is exposed in a belt sev- 
eral kilometers wide starting about 15 kilometers east of Rio Blanco. 
It is particularly fossiliferous at a small ranch about 8 kilometers 
northwest of Agua Caliente on the trial between Pueblo Viejo and 
Punta Gorda. In this area there are low hills composed of gray- 
white, subcrystalline limestone containing numerous sections of 
what appear to be Sphaerulites. Eastward this limestone is overlain 
by other calcareous formations and the Toledo series. Westward in 
Guatemala the rudistid limestone is involved in folding and appears 
sporadically between Pueblo Viejo and Puité, between Puité and 
Champon, and south of San Luis on the trail to Ximay and Chirija. 
At all these localities the limestones are lithologically and faunally 
similar and there is no doubt that the rudistid limestones of Guate- 
mala and Honduras are of similar age. The upper part of the Cre- 
taceous in this area is composed of a limestone conglomerate which 
appears to be overlain by a series of sandstone flags, siliceous lime- 
stones, marls, and shales which are well displayed around San Luis. 
Between San Luis and Pocttn, fossils were found in a limestone 
member of this group. The general assemblage of these (Cerithium, 
Cardium, Surcula, Glycimeris, Conus) has a Lower Tertiary, possibly 
Eocene, aspect. It is quite likely that this series also extends into 
British Honduras east of Poctin. 

Thus it appears that not only is the Cretaceous present in British 
Honduras but it has a wider extent than has hitherto been supposed. 
Lower Tertiary shales and limestones similar to those in North- 
eastern Guatemala which overlie the Cretaceous also extend into 
Western Honduras, and these are believed to be older than the 
Lower Miocene(?) limestones exposed in the Rio Dulce Gorge, 


Guatemala. 


1 L. Ower, op. cit., p. 502. 
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The Nappe Theory in the Alps. By FRANz HeEritscuH. Translated 
from the German by P. G. H. Boswetit. London: Methuen & 
Co., Ltd., 1929. Pp. 228; figs. 48; pls. 8. 14s net. 

Though studied intensively from the early days of geology, the Alps 
are so complicated in structure that the theories of their tectonics have 
been slowly developed and greatly changed from time to time, and much 
still remains to be done. The boldest and greatest mutation in this 
evolution of Alpine theories was the introduction of the idea of stupendous 
recumbent folds—the Decken or nappes de recouvrement. Viewed incredu- 
lously as extreme and bizarre in various quarters, the critical scrutiny to 
which the nappe theory has been subjected by a great many geologists 
during more than a quarter-century has led to important modifications 
of the original conception and much difference of opinion which persists 
to the present day. 

The literature of the subject is voluminous and not well known to 
English-speaking geologists. Heim’s great work, Geologie der Schweiz, is 
an admirable summary of the western Alps from the point of view of the 
Swiss geologists, who are strong advocates of the nappe theory. But geol- 
ogists of another group, working in the eastern Alps, are opponents of 
the nappe theory in its prevailing form. Heritsch is one of the latter; 
and the present volume, Die Deckentheorie in den Alpen, is a critical dis- 
cussion of the theory based primarily on the features of the eastern Alps. 

According to the nappe theory, the nappes arose as recumbent folds, 
each higher nappe coming from a more southerly root. They are taken 
to be great masses of overdriven folds and not merely overthrusts, and 
are to be separated from the latter by the presence of a recumbent middle 
limb. But the larger tectonic elements of the Helvetic zone show, as 
Heim represents in his great profile, not the typical recumbent fold, but 
a more complicated form; they are to be described rather as “thrust 
masses,” folded and reorganized on numerous thrust planes. 

Difficulties in tracing each nappe back to a root of its own has led 
many east-Alpine geologists to refuse to accept the nappe theory. They 
contest the primary folded nature of nappes, and do not agree that the 
thrust masses arose as recumbent folds, though recognizing the possi- 
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bility that, in the early stages, the dislocations may have begun as folds. 
They picture, instead, a series of thrust slabs of which the ends have been 
rolled up in fold-fashion. We see thus a marked difference between the 
profiles of the Swiss geologists and those of most of their east-Alpine 
colleagues. For example, the profile of Staub through the eastern Alps 
shows curves swinging beautifully down into great depths or high into 
the air. “On the other hand, Ampferer-Hammer’s profile covering the 
same ground appears sober, and is uninspired by artistic license.” 

The Swiss geologists explain the whole structure by a south-to-north 
thrusting, whereas those whose main work has been in the eastern Alps 
find evidence of an east-to-west movement as well. The nappists see an- 
other line of evidence in the facies-relationships, the fundamental idea 
being that each sheet is characterized by its facies. But that is a point 
of view which is especially combated in the eastern Alps. Termier has 
emphasized the fact that the various facies change in the same nappe, 
and that it is thus inadvisable to define tectonic unity by means of 
stratigraphic characteristics. 

General,.critical discussions of the nappe theory in the Alps constitute 
the first third of the book. Then the discussion is centered in succession 
upon the different units of the eastern Alps, whose most significant fea- 
tures are treated with a strong hand, and yet concisely. So complicated 
are the problems in their local details that the foreign reader with very 
superficial knowledge of the region finds it difficult to appreciate many 
of the fine points of the discussion. But that is inevitable in the very 
nature of the geology itself and is not the fault of the presentation, though 
some good maps would help materially. Herein probably lies also the 
root of so much variance in interpretation of Alpine tectonics, for mastery 
of any large unit of the Alps requires many years of intensive study, and 
studies based on one Alpine province readily lead to conclusions differing 
in important respects from those reached in some other province. The 
whole problem of Alpine tectonics is fascinating in its intricacy, which 
challenges the capacity of the best geologists. 

Professor Boswell has rendered a most useful service to English-speak- 
ing geologists in making so readily available to them in compact form the 


story of the gradual evolution of views on Alpine structure. A glossary 
of the more unusual structural and Alpine terms used in the text is par- 
ticularly helpful. A long list of references, selected from the more im- 
portant works, completes the volume. 
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A Year on the Great Barrier Reef. By C. M. Yonce. London and 
New York: Putnam’s, 1930. Pp. 240; figs. 17; pls. 69; maps 6. 
$6.00. 

This is a very interesting account of the writer’s experiences as leader 
of the Great Barrier Reef Expedition of 1928-29. Dr. Yonge is physiolo- 
gist at the Marine Laboratory at Plymouth, England, and his book has 
two purposes. First, he describes corals and their work; and second, he 
gives a full account of several reefs on the Great Barrier of Queensland, 
Australia, with a brief general description of the whole stupendous struc- 
ture. 

The main work of the expedition was to establish a marine biological 
station on Low Island, which is situated 45 miles north of Cairns in lati- 
tude 16° S. The research was initiated by the Australian “Great Barrier 
Reef Committee,” of which the reviewer happens to be a member. Sir 
Matthew Nathan, the chairman of this committee, was largely instru- 
mental in collecting the personnel and money which made the expedition 
possible. 

The book consists of fifteen chapters and will appeal particularly to 
the layman and biologist. Dr. Yonge makes very little reference to the 
physiographic work on the Barrier done by Richards, Hedley, Jardine, 
and Stanley—which indeed occurred before his arrival. But a brief ac- 
count of this research would have added greatly to his historical chapter, 
which is largely concerned with the well-known theories of Darwin, Daly, 
Murray, and Agassiz. The second chapter describes the main features of 
the Great Barrier, which extends some 1,260 miles. He quotes Jukes’s 
striking analogy of 1846: “A gigantic and irregular fortification, a steep 
glacis crowned with a broken parapet wall.”’ 

South of Cairns (17° S.) the Barrier reefs are scattered and there are 
many fragmentary rocky islands, such as those bounding the Hinchin- 
brook and Whitsunday channels. To the north of Cairns the Barrier 
structure is narrow and the outer reefs form an almost continuous wall. 
The chief interest to the geologist is the origin of the “‘shelf,’’ which is 
6,000 feet thick and which carries the veneer of /iving coral in the form of 
scattered reefs. Yonge was not concerned with this problem and only 
briefly refers to it. For instance, he does not mention that the bore put 
down by Hedley and Stanley on Michaelmas Key (just south of Low Is- 
land) reached glauconite sands at 600 feet. As he indicates, the general 
balance of opinion is that the shelf is not built of coral, but represents 
either a down-faulted coast or a marine bench cut in glacial times, or 
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both. It is here that geographical research on the adjacent mainland is 
helpful. 

There is a full account of the station on Low Island illustrated with a 
good map by M. A. Spender, one of the geographers of the expedition. 
There were three main parties at work at the station. Five members of 
the expedition worked with boats in the surrounding seas, sounding and 
dredging. Ten members carried out research in the biology of the marine 
animals and plants of Low Island. An independent party of three geog- 
raphers under J. A. Steers cruised up and down the Barrier. Low Island 
is a miniature of the Great Reef itself, with its steep coral cliff facing the 
southeast Trade, its boulder ramp, reef flat, and sand key. The reef at 
Low Island is about 1 mile wide, while the key on which stands a light- 
house is 400 feet wide and 6 feet high. The reviewer knows the district 
well, having done some ecological research on a much smaller scale 
just to the north of Low Island. He has nowhere read a more vivid ac- 
count than that given by Dr. Yonge of life and work on a coral 
key. Of particular interest is his account of the minute plants which live 
in the mesenteries of the corals. Geologists will be interested in his de- 
scriptions of the various animals which help to destroy the corals and 
coral rock. Among these are many mollusks. Dr. Yonge was especially 
interested in variations of temperature, salinity, phosphate contents, 
etc., and in their bearing on coral growth. 

Toward the end of his stay the author made a visit to the outer edge 
of the Barrier where the swell of the Pacific thunders in enormous billows 
even on the calmest day. His description of the massive wall here—‘‘as 
smooth as a concrete road’’—is very striking. He made a journey north- 
ward to Badu Isle and to the fertile volcanic Murray Islands. His last 
trip was to Heron Island in the far south of the Great Barrier, which 
shows signs of becoming a tourist resort for visitors from Brisbane. 
The last chapter describes his return voyage by way of Samoa and Hawaii. 
A popular description of the volcanic features in these islands is given. 

There are many excellent photographs throughout the book, notably 
those showing various stages in the growth of individual corals. The maps 
are numerous, but several are placed sideways in the book, a common 
mistake. One or two words are spelled incorrectly, such as ‘“Haliotis” 
and “‘Wobbegong.”’ Every geologist will find the book of interest from 
its bearing on the limestone deposits of the past. Two recent lengthy 
articles by M. Spender in the Geographical Journal (September and Octo- 
ber, 1930; London) deal with the geographical aspects of the expedition 
and should be read in conjunction with Dr. Yonge’s fine book. 

GRIFFITH TAYLOR 
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Geology of Petroleam. By W. H. Emmons. New York: McGraw- 

Hill Book Co.; 1931. Pp. 736; figs. 435. $6.00. 

The appearance of the second edition of Emmons’ book will be wel- 
comed by all petroleum geologists interested in the advancement of their 
science. Both the author and the publishers have maintained the high 
standard that geologists have now grown to expect from them. The book 
is virtually a new work, largely reorganized; but the description of the 
world’s oil fields is still retained as a separate unit. To this description, 
154 more pages are devoted than is true for the first edition; of this in- 
crease, 95 pages are given to the Mid-Continent, 19 to the Gulf Coast, 
and lesser amounts to California, Europe, and Japan. On the other hand, 
the number of pages given to the general discussion preceding the descrip- 
tions of the oil fields has been reduced by 33, to 161. Less space is needed 
to cover origin and accumulation; “migration” appears neither in the 
Table of Contents nor in the Index (see p. 76). Chapter ix, “Behavior 
of Wells and Rock Pressure,” is an excellent brief of the subject. The 
previous chapter on “Structural Features of Oil and Gas Reservoirs”’ is 
preceded by a classification that does not tie in in all respects with the 
later treatment; however, the discussion of buried structures and of the 
importance of unconformities is especially good. Other introductory 
chapters are less improved. Thus naphthenes are not listed with the 
other components of petroleum, and the old Engler method of analytical 
distillation given is long out of date for U.S. Bureau of Mines practice. 
In agreement with the language of most ‘oil men,”’ the world “‘field”’ is 
used to cover everything from a small salt dome to the whole Appalachian 
region. Referring to the southwestern part of Pennsylvania, on page 74 
the Hundred-foot sand is said to be “‘unsaturated,” on page 81 “satu- 
rated”’ (with salt water). But the number of similar minor discrepancies 
seems to be very small for such a compilation. The number of illustra- 
tions is increased by 171; and a fair proportion of these are especially 
made for the book. The practice of including small index maps in a corner 
of the main map is most commendable. The practical oil geologist whose 
interest extends beyond his own bailiwick will probably find this book as 
valuable as will the teacher and the student. 

D. iF. 


Field Geology. By FREDERIC H. LAHEE. 3d ed. New York: Mc- 
Graw-Hill, 1931. Pp. 789. $5.00. 
It is refreshing to read a textbook dealing with a rapidly developing 
phase of geology which is up-to-date in every particular and authoritative 
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on all subjects discussed. The first edition of this book appeared in 1916 
before the author became familiar with commercial field geology of sedi- 
mentary rocks, and it dealt largely with field work as it was conducted 
by the U.S. Geological Survey for the purposes of areal mapping and 
structural reconnaissance. Since 1916 the technique has been developed 
of very detailed and specialized plane-table surface structural mapping, 
followed during the past few years by subsurface geophysical and aero- 
plane mapping. This has necessitated doubling the size of the first edi- 
tion of Field Geology to include all data relevant to field work of any type 
to be conducted anywhere in the world without requiring any other refer- 
ence book for either surface mapping or subsurface mapping by means 
of drilling or mining. 

Each topic is treated in a numbered paragraph, and these topics are 
cross-indexed. Abundant illustrations, 533 in all, clarify the text whether 
for igneous or sedimentary, physiographic or structural, geology. The 
text of 700 pages is followed by 36 of tables and 53 of bibliography and 
index. One looks in vain for omissions of terms commonly used in the 
United States (European equivalents are not given) or for omissions of 
relevant data. Land divisions and land terminology used outside of the 
United States are not given. 

Descriptions of third dimensional geology are given. Structure actually 
found to exist underground is presented. Methods of securing and using 
underground data are discussed. Salt domes, buried structures, buried 
hills, crooked drill-holes, geothermal gradients, and convergence sheets 
are each given a paragraph. Aeroplane maps are described in detail with 
excellent illustrations. The four accepted geophysical methods are de- 
scribed, and the reader is cautioned against attempting to apply any one 
of them without expert advice with regard to the problem to be investi- 
gated. The reflection seismographic method, by means of which specific 
geological beds or surfaces are being mapped with great accuracy to 
depths of 20,000 feet, is not adequately described because the technique 
and results are not available for publication. 

All libraries and all those engaged in field geology of any kind who are 
not working near a center of geological activity should have a copy of this 
edition of Field Geology. It will be our standard reference work for the 
next ten years, by which time we shall hope that progress in field and 
underground interpretation of geology will require another revised edi- 
tion. 


SIDNEY POWERS 
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International Geological Congress, Compte Rendu of the XV Session, 
South Africa, 1929. Pretoria: Messrs. Wallach’s P. & P. Co., 
Ltd. 1930. Vol. I, pp. 314; Vol. I, pp. 688 with many plates, 
tables and maps. £2 post free. 

With the appearance of these two large volumes the multitudinous 
duties and time-consuming labors of the organizing committee, of the 
executive committee, and of the officers of the Fifteenth Session of the 
International Geological Congress have finally come to an end. The ex- 
traordinarily successful South African session has become a glorious 
memory, cherished by all who were fortunate enough to participate. To 
those who made it so by their untiring efforts and personal sacrifices the 
thanks and appreciation of a large number of geologists are due. The 
official report of the Congress is now available to all who are interested. 

Volume I gives the membership of the Congress, the Minutes of the 
proceedings, and the reports on excursions and other activities of the 
Fifteenth Session. 

Volume II is devoted exclusively to the scientific communications pre- 
sented at the sessions in Pretoria, July 30—August 6, 1929. These are 
grouped in seven sections as follows: I, ‘‘“Magmatic Differentiation’”’; 
II, ‘“‘Pre-Pleistocene Glacial Periods”; III, ‘“‘“Karroo System’’; IV, ‘‘Gene- 
sis of Petroleum’’; V, ‘‘Geological Work of Micro-organisms”’; VI, “Rift 
Valleys”; and VII, “General.”’ The first six of these topics represent the 
fields selected for special emphasis and discussion at the South African 
Congress. Peculiarly appropriate in this African setting were such topics 
as ‘‘Pre-Pleistocene Glacial Periods,” ‘“The Karroo System,” and ‘‘The 
Rift Valleys,”’ discussed formally in Pretoria and informally in the field. 
The general papers cover a wide range of topics, with Africa well repre- 
sented. A very valuable compilation brought out by the Congress is the 
large volume on The Gold Resources of the World, which has recently 
appeared. 

May the Sixteenth Session be as completely successful as was the 
Fifteenth. 


Oil Fields in the United States. By WALTER A. VER WIEBE. New 
York: McGraw-Hill, 1930. Pp. x+629; figs. 230. 
Convincing facts in favor of the classification of the petroliferous prov- 
inces of the United States upon the basis of regional geology, together with 
fundamental principles covering such subjects as stratigraphic distribu- 
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tion, reservoir rocks, types of oil and gas structures, origin, migration and 
accumulation of oil, and oil-field maps, are presented in an introductory 
chapter of twenty-one pages. 

The petroliferous provinces recognized are: Appalachian geosyncline, 
Cincinnati arch, Eastern Interior coal basin, Ouachita-Amarillo Moun- 
tains, Bend arch, Gulf embayment, West Texas basin, Rocky Mountain 
geosyncline, and Pacific geosyncline. Several of the provinces are sub- 
divided into districts upon the basis of secondary structural conditions. 

The main body of the text is devoted to careful descriptions of the 
geology and oil resources of each petroliferous province, a general de- 
scription of the geology and stratigraphy being followed by a discussion 
of the occurrence of oil in the state or states embraced in the province. 
No attempt is made to describe every pool, but rather to cover only the 
more typical ones which illustrate the important modes of occurrence of 
oil and gas. 

The data upon which the book is based have been accumulated through 
actual observations in the field and an exhaustive search of the literature. 
The book is amply illustrated with well-chosen maps, photographs, and 
diagrams. Apart from the occasional errors which invariably creep into 
the first edition of a descriptive text of this character, the subject matter 
is unusually well presented. 

While the text does not appear to be well adapted to the use of begin- 
ning students in petroleum geology on account of the lack of sufficient 
emphasis on fundamentals, such as origin and mode of occurrence, and 
the inclusion of too much detail in the description of the petroliferous 
provinces, the writer considers it to be excellently adapted for use in 
more advanced classes. It should also serve as a valuable reference book 
for the field geologist and the practical oil man. 

F. M. Van Tuy. 
The Oil Exploration Work in Papua and New Guinea Conducted by 
the Anglo-Persian Oil Company on Behalf of the Government of the 

Commonwealth of Australia, 1920-1929. Four volumes quarto, il- 

lustrated with numerous colored geological maps and sections. 

London, 1931. £10. 


Volume I comprises reports of the First Geological Expedition, 1920- 
23, by various authors, and drilling operations at Popo, 1922-29, by B. 
K. N. Wyllie. 

Volume II consists of reports of the Second Geological Expedition, 
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1927-29: Oriomo, Cape Vogel, Barum River, Sepik, Hansemann Coast, 
by various authors. 

Volume ITI contains the reports of the Second Geological Expedition, 

1927-29: Finsch Coast, by J. Nason-Jones. 
Volume IV contains a contribution to the Tertiary geology of Papua 
by J. N. Montgomery; a brief review of the oil prospecting work at 
Upoia, 1911-20, by J. N. Montgomery; and a critical study of the geology 
and oil prospects of Papua and New Guinea as revealed by the work of 
the Anglo-Persian Oil Company, 1920-29, by B. K. N. Wyllie. 

Volumes V and VI consist of maps and sections admirably executed 
and reproduced in color. 

In his admirable critical review, Mr. Wyllie points to the analogies of 
the oil fields of the East Indies and indicates that, in these areas, the 
productive oil fields are confined to the newer Tertiary formation. In both 
territories the structures in rocks of this age are believed to be too much 
eroded and too fragmentary to hold out much hope of success. It is be- 
lieved that the chances of finding more than traces of oil in the older 
Tertiaries are small. 


W. G. WooLNnouGH 


Geology of the Arkansas Paleozoic Area. By CAREY CRONEIS. Ar- 
kansas State Geological Survey Bulletin, No. 3, Little Rock, Ar- 
kansas. Pp. 412; pls. 45; figs. 30; 2 maps in pocket. $2.95 plus 
postage $0.25, total $3.20. 

The Paleozoic area of Arkansas comprises the northwestern part of the 
state, almost half of it, and this bulletin treats of its geology in an interest- 
ing and comprehensive manner. This bulletin is designed to disseminate 
accurate information regarding the gas and oil possibilities of this area and 
thus deals principally with structural features. Eighty-one anticlines, two 
domes, one arch, and thirty-two faults or fault systems are discussed as 
well as the structure of the general physiographic features which bear the 
names of “mountains” or “basins.’’ The eleven pages on the physiography 
of this region would do credit to a textbook. 

The stratigraphy is well handled; all the formations encountered in this 
area are described and their type localities noted. In type localities and 
the discussion of formations the author does not confine himself to the 
area under consideration—an admirable feature as geology knows no 
political boundaries. The paleontology of the fossiliferous formations is 
covered in a manner quite satisfactory for a publication of this scope— 
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nine very good plates portray the characteristic fossils of the Boon forma- 
tion, Moorfield shale, Batesville sandstone, Fayetteville formation, Pitkin 
limestone, Hale sandstone, Bentwood limestone, Kessler limestone, and 
Atoka formation. The stratigraphy covers rocks from Cambrian through 
Pennsylvanian age—a total of forty-six sedimentary formations and the 
few igneous rocks which occur in this region. 

Figures on the output of the producing areas are given and the possi- 
bilities of further production are discussed; a number of favorable loca- 
tions are brought to attention, but the author does not expect anything 
spectacular from this area. For guidance in further prospecting there are 
numerous correlation charts, structural sections, and in the pocket are 
maps of the Ouachita Mountain province and the Arkansas Valley— 
Ozark province. 

This report, well gotten up, readable, with illustrations well above the 
average, should prove of value to all those interested in the geology of this 


region. 
Joun T. McCormack 


Report upon Pocahontas County, West Virginia Geological Survey. By 
Pau H. Price. Pp. 531, figs. 22, pls. 71. Topographic and geo- 
logic maps in separate case.’ Price $3.00. 

The foregoing report is quite elaborate and complete, including both 
topographic and geologic maps, the latter in color upon the topographic 
sheets. The county is third largest in the state and contains important 
reserves of coal, iron ore, and limestone, some of the latter suitable for 
building purposes. Emphasis is placed upon the stratigraphy, structural 


geology, and paleontology of the Paleozoic rocks. Painstaking work is 


evidenced by the accurately measured, well-described sections and the 
thorough discussions of the stratigraphy. All species in the paleontologi- 
cal collections were identified by Dr. J. L. Tilton, of the Survey, and his 
comments included. Such features as a complete index, lists of elevations, 
a gazeteer of the county, routes of the state roads, etc., are useful, but 
add greatly to the bulk of the report. Excellent printing and binding 
make it a very presentable volume. 





